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■ There rolls the deep where grew the tree. 

0 earth whai changes hast thou seen ! 

There where the long street roars, hath beeri 
The stillness of the central sea, 

' The hills are shadows, and they flow 

From form to form and nothing stands; 
They melt like jnists, the solid lands. 

Like clouds they shape themselves and go.^^ 
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PREFACE 


In spite of the interruption caused by the World War, the last 
twenty-five years have produced an immense quantity of Koological 
literature and in endeavoring to incorporate the requisite amount 
of the new material in this book, it has been found necessary U: 
rewrite it altogether and to adopt a new order of treatment. 
This order has been worked out in the laborator>^ and tutorial 
exercises of the elementanr' course and practically tested for half 
a dozen years by m3' colleagues, Professors A. F. Buddington 
and R. M. Field ; the Laboratory Manual of the latter is followe<i in 
arranging the order of topics. At the same time, it is perfectly 
feasible to make use of the book in such different order of chapters 
as the instructor ma}' prefer. 

To enumerate here even the more important of the manifold 
additions made to the geological sciences in the last quarter of 
a century would be to write a sunomar}' of the book. A few of 
the more significant additions to the science should, however, be 
mentioned here. 

There is, in the first place, a great addition to the knowledge 

of the igneous rocks, and their related topic, vulcanism. The 

work dcftie by the Geoph3'sical Laborator}' in Washington and the 

various volcanic obsen'atories, notably the United States Observ a- 

tory on the Island of Hawaii, has quite revolutionized the older 
conceptions. 


Of a very different t3’pe, but perhaps even more important, is 
the work accomplished by the numerous exploring and collecting 
expeditions sent out h3" the various museums; notably the work 
of the American Museum of Natural Histor3^ in South America, 
in the Island of Samos, in India, and above all in the Gobi Desert 
of Mongolia. So significant are the discoveries made b3'' these 

. to extend largely the 

sections on the geology of the continents other than North America, 

because they form a long step toward the much desired general 
history of the earth. 
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From the palaeontological standpoint, also, the collections made 
in this manner have added immensely to our knowledge and to our 
comprehension of facts pre\’iously known. The questions of the 
origin and migrations of the various mammalian groups have thus 
received answers which but a short time ago would have seemed 
quite out of reach. 

The palaeontology' of plants has been revolutionized by the 
discovery’' of many^ intermediate forms in China, in the Grand 
Canon of Arizona, in Polish Silesia, and in other regions, which 
enables us to sketch an outline of plant evolution which is of the 
utmost interest. 

A new feature of this edition is the section on Ancient Man, 
w’hich was omitted from the earlier editions, and in them the 
theory^ of Evolution was not made use of, although the author 
was fullv con\dnced of the truth of that theory’^. This attitude 
of resen’e is abandoned in the present edition and Evolution is 
taken for granted as the only possible explanation of geological 
historj^ for the theory is accepted with almost complete unanimity 
by the scientific world. 

' The compiler of a text-book is confronted wdth a great difficulty 
in dealing with the many h>T)otheses and bold speculations which 
have, of late years, claimed the attention of geologists. Certain 
sane and sober men of science, who keep their feet on the ground, 
have made public protest against this pwamiding of unverifiable 
hjTJotheses. In fact, the outlook is at present ominous of a return 
to the days when Xeptunists and Plutonists quarreled so fiercely 
and Catastrophism was the ruling belief. Professor Daly, who is 
not at all averse to speculation, thus concludes his chapter on the 
origin of mountain ranges, in Our Mobile Earth. “Throughout 
this whole discussion the reader will remember that speculation 
is not science or knowledge. Speculation, even of the happiest 
kind, can do no more than point the way to possible future knowl¬ 
edge. Though it may stand on the right path, the signpost is not 
the goal itself.” These are words of wisdom which it were well to 
remember, but, while it is plain that an elementary' text-book is 
no place for polemics as to speculative hjT>otheses, the beginner 
should be told something of the more significant trends of geo¬ 
logical opinion, even though the author should be entirely skeptical 

of their lasting value. 

\Mien the second edition of this book was in preparation, I 
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learned, somewhat to my surprise, that text-books were quite 
largely used as works of reference, and, at the request of some such 
readers, who desired “to know the authority on which the more 
novel or less familiar statements had been made,” many brief 
quotations, with their authors’ names, were introduced. In this 
third edition, similar requests have led to the placing of reference.s 
to titles at the end of each chapter. These lists are, in no sen.se, 
bibliographies or recommendations for students’ reading; thej' 
are merely means of verifying or extending the statements made 
on the authority of competent investigators. 

The work of revision has been much facilitated by the publi¬ 
cation of certain excellent comprehensive works, with most useful 
bibliographies. Beside the new editions of Pirsson and Schu- 
chert’s Text Book of Geology, and Chamberlin and Salisbury’s 
College Geology, there are the third edition of Professor Waldemar 
Lindgren’s Mineral Deposits, the Grutidzuge der Geologie by many 
collaborators, with Professor W. Salomon, of Heidelberg, as 
editor, and the Grundzuge der Physischen Erdkunde, by Profe.ssor 
A. Supan. The last-named book is considerably older than the 
others, but remains a veritable mine of information. Most text¬ 
books of Geology, including the two former editions of this one, 
treat fossil plants in somewhat “stepmotherly” fashion. Pro¬ 
fessor A. C. Seward’s admirable new Plant Ldfe through the Ages 
removes all excuse for this. 
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Geological Survey, have supplied me with so many and such choice 
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me such an instructive series of geological views, that I heartily 
wish I might use them aU, and Dr. C. M. Yonge, of the Marine 
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and ^lU which he has devoted to the new plates. It woufd be 

Xaf s 7 'hat speaks for RseR 

.pint in which he did this work and “ do 20,"! 

p ove necessary. Limitations of space forbid me to mention aU 

lar with uniform conrtpsv Knf t —j particu- 
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AN INTRODUCTION TO GEOLOGY 


CHAPTER I 

PRESENT STATE OF THE EARTH 

Jeology is the history of the earth, its animals and plants, as 
recorded in the rocks. 

The earth is a member of the solar system, which consists of the 
n, the central mass, the planets which revolve around it, and 
their satellites. The planets lie in nearly the same plane and 

, 11 rotate upon their axes as 

well as revoHe around the sun. The four inner planets, ^lercury, 

\ enus, the Earth, and !Mars, are relatively small and verv dense, 

Mercury the smallest, then .Mars next in size, and, between them^ 

\ enus and the Earth, which are of nearly the same diameter. The 

four outer planets, Jupiter, Saturn, Uranus, and Neptune, are 

far larfe.;r and of such low specific gra\ity that many astronomers 

beUeve them to be gaseous. The density of Saturn', for instance, 

is less than that of water. Between the inner and the outer groups 

of the major planets is the aggregation of minor planets, or asteroids 

which range in size from 15 to 400 miles in diameter and of which 

some 600 are known. No doubt there is an almost infinite number 

of these bodies below the limits of visibility. Of the newlv dis- 

covered tran^Neptunian Pluto, with its remarkable, come't-like 

orbit, it IS still too early to speak. 

and Venus, all the major planets have satellites 
e ]^h has one, which is larger relatively to the planet than 
any other moon; Mars has two, Jupiter eight, Saturn nine, Uranus 

^ to its nine moons, Saturn has 

two wonderful, rancentric rings, which are quite unique in the 

^lar system and make the planet the most remarkable of tele! 

^pic objects. The orbits of the planets are more or less ellin- 

circular in form. In the case of t£ 
Earth, the ataa is mcUned to the plane of the orbit, and to thL 
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inclination is due the change of seasons. The pole is not station¬ 
ary, but describes a small circle some 30 feet in diameter; except 
for this phenomenon of nutation, most astronomers behe\e that 
the position of the axis and poles has never undergone any im¬ 
portant change. , , j 

The s\in, at the center, is a vast body of intensely heated gas 

and, though its specific gravity is very low, it contains more t^n 
95 per cent of the mass of the entire solar system. As we shall 
see later, not onlv is all Ufe upon the earth dependent upon the 
light and heat of the sun, but most of the energj' which brmgs 
about geological changes in the earth is also derived from the sim. 

In form the earth is nearly spherical, but is so flattened at the 
poles that the equatorial diameter is some twenty-six miles 
than the polar, a very small difference relatively, a^ut 1, 300th 
nart of the long diameter. The earth has also much irregularity 
of surface, - the ocean basins and continental platforms, the moun- 
,am range,, plateaus, plains, etc., etc., in short, the topogmphtcM 
features In proportion to the sire of the earth, hoirerer, the* 
surface features are insignificant and the earth is relattvely 

smoother than an orange. 

Inlerml Constitution. Much has been learned from the ^udy 

of earthquake-waves concerning the internal 
earth and these waves show that the earth, at least the outer half 
of its diameter, is solid and of a rigidity equal to that of steel while 
uV ela-sridtv L. almost perfect. Newrtheless, the attractmn of 
the sun and, more especiaUy, of the moon produc^ tides m the 

which Ls a matter of six to eight inches ‘'".“t 
'.rweighrmor^ than five and a half times ^s 

..re accessible at and near the surface is considerably 1^ than 3, 
and themfore the earth must be largely composed of materials 
whth are much more dense than tho* which occur a, 

Lw generallv believed that the globe must have a core of iron. 
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below the surface. Below this level, where the temperature 
remains constant throughout the year, it steadily increases with 
depth, at a rate which varies greatly at different places, but the 
increase, whatever the rate, is found everywhere. The average 
rate of temperature increase, as determined in mines and borings 
for water, oil, and gas, is usually given as 1° F. for every 50 or 
60 feet of descent, but it may be as rapid as 1° for 30 feet or as 
slow as 1® for 200 feet, but these artificial openings are far too 
shallow to enable us to estimate what the temperature of the deep 
interior may be. A temperature increment of 1° F. per 60 feet 
of descent is 88® per mile and, at such a rate, very great heat 
would be found at moderate depths. Volcanoes, which are so 
widely distributed over the earth^s surface, show that, at least, in a 
great many places, the earth has an internal temperature of 1,800° F. 
(1,000° C.) not far below the surface. We may confidently infer 
that, below 25 or 30 miles from the surface, the whole interior of 
the earth is at a very high temperature. 

The fines of equal temperature, or isogeothermsy follow the irreg¬ 
ularities of the surface, though with diminished steepness of slope, 
and they rise into the continental mass from beneath the sea bed. 
Off the west coast of Africa, at a depth of 2,000 fathoms, the tem¬ 
perature of the water is 33° F., while at a corresponding depth 
beneath the African plateau, which is 5,000 feet, or more, above 
sea-level, the temperature would be 356°, allowing an increment 
of 1° for every 50 feet of descent. At the depth of a few miles, 
however, all effect of surface irregularities must disappear; but, 
beyond saying that the interior of the earth is very hot, it is 
impossible to determine what its temperature actually is. 

Arrangement of the Earth^s Component Parts, The outermost 
part of the earth, the atmosphere, is gaseous; the incomplete 
covering of water is the hydrosphere; the outer solid portion the 
lithosphere. As before stated, astronomical observations and 
earthquake waves indicate that the earth, except, perhaps, its 
central core, is as rigid as a globe of steel, but that refers to stresses 
of short duration. Long-continued stresses produce a slow, 
plastic yielding to deformation, as do many substances such as 
pitch, sealing-wax, etc. These are all brittle under sudden blows, 
but yield to deformation under slow pressure. The same data 
indicate that the material of the earth is arranged in concentric 
shells, each shell so different from those next to it, outside and in. 
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that earthquake waves change their velocity and are refracted or 
reflected on passing from one to the other, just as are light waves 
which pass from air to water or water to air. While there is very 
general agreement among geologists as to this arrangement of 
concentric shells, there is much difference of opinion concerning 
the actual material of these shells. Comparing the cross-section 
of the earth published by various writers within the last thirty or 
forty years, one finds a fundamental agreement between them with 
considerable difference in matters of detail. All accept the central 
core of iron, containing nickel and relatively small amounts of 
platinum, gold, and other metals; in diameter this core is esti¬ 
mated to be somewhat more than one-half that of the earth and in 
volume about one-sixth. Surrounding the core is a shell about 
1,400 miles thick, made up of sihca compounds, the material of 
ordinaiw rocks, and this composes some three-fifths of the earth s 
volume. The outer shell is itself dRuded into three parts. there 
is the outer crust, 40 to 60 miles thick ; a substratum of heavy and 
basic material, such as basalt or peridotite; and a transitional 
shell with iron disseminated through stony material and increasing 
proportionately downward, until it merges into the iron core. 

Meteorites are believed to indicate the structure of a planet 
of which they are fragments and range in composition from the 
purelv metallic, chiefly nickeliferous iron to the stony without 
metals, through intermediate stages in which the nodules of iron 
diminish to zero. The obser^'ations of Geiger and Gutenberg 
place the boundaries of the outer shells in round numbers, at 
depths of 720, 1,020, and 1,470 miles below the surface. At a 
depth of 30 or 40 miles there is a sudden change in the nature of 
the earth’s material and this is taken as the thickness of the outer 
crust. Here, some earthquake waves are refracted on passing from 
the crust to the substratum, while others are totally reflected. 

According to Professor Daly's \'iews concerning the structure of 
the outer portion of the earth, each continent is a mass of gramte, 
a kind of rock which is confined to the continents, resting upon a 
substratum of ciystalline basalt, which, in turn, rests up)on glassy 
basalt, hot enough to melt at surface pressures, but soUdified by 
the pressure of the crust. Bowen, on the other hand, beheves 
that the substratum must be some rock even more basic than 
basalt, such as peridotite or dunite. Certain German geologists 
{e.g., Prof. Kdnigsbergcr, of Freiburg) hold that there is a-molten 



PRESENT STATE OF THE EARTH 


5 


layer beneath the crust, a conclusion which would seem to be 
inconsistent with the subcrustal structure revealed by earthquake 
waves. 

\ybiasiTophism means differential movements of parts of the 
earth’s surface, upward, downward, or horizontal. Geological 
history shows that nearly all the continents have, at one time or 
another, been more or less completely submerged by the sea and 
this repeated submergence and emergence is, in most instances, 
due to elevation and depression of the land rather than to changes 
of sea-level. As will be more fully shown in Chapter IX, rising 
and sinking of the land are still in progress. Often these changes 
of level are sudden and abrupt and, in such cases, they are always 
associated with earthquakes, but frequently the rising and sinking 
are very gradual and imperceptible except after long intervals of 
time. 

Diastrophism is of two kinds: (1) the orogenic^ or mountain 
making, and (2) epeirogeniCj or continent forming. In orogenic 
diastrophism, the originally horizontal beds of rocks are com¬ 
pressed and folded, or fractured and overthrust, and such com¬ 
pression affects long, relatively narrow belts of rocks, while epeiro- 
genic movements are of direct uplift, or, much more frequently, 
of gentle warping, upward or downward, as the case may be. 
Such movements may affect areas of any size or shape, but are 
seldom narrow bands, such as mountain ranges typically are. 
It is to diastrophism that are due the irregularities of the earth’s 
surface and the continued existence of the lands. Were it not for 
diastrophism, the lands would long ago have been worn away and 
covered by a universal, unbroken sea. 

Isostasy, The great irregularities of the earth’s surface, such 
as the continental masses, mountain ranges, and plateaus, are not 
supported by the rigidity of the crust, but float, as it were, upon 
the subcrustal rock material. This material, while rigid as steel 
to stresses of short duration, yields plastically to long-continued 
deformation. Under mountain ranges there is a deficiency of 
density, under the oceans an excess. Above the level of com¬ 
pensation, which is estimated to be about forty miles below the 
surface, segments of the crust of equal surface area have the same 
mass or weight, though they may differ by many thousands of 
feet in vertical measurement. One such segment may carry a 
lofty range of mountains, while the surface of an adjoining seg- 
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ment may be a low-hing plain. Such a condition of balance is 
called isostasy, and it follows that any segment which is loaded 
by the deposition of material upon it must sink under that load, 
while areas which are lightened b}' the removal of material must 
rise. Compensation is effected by the slow, lateral transfer of 
subcrustal material. 

The Glacial Ages, which came veiy^ late in the earth’s history 
and ended but a few thousand years ago, maj" be looked upon as 
a great series of experiments in isostasj*. Xorth America, down 
to latitude 40° X., and Europe to latitude 50° X., were covered 
with sheets of flowing ice, as are Greenland and Antarctica today. 
The continents sank under this enormous load, and when the load 
was removed by the melting of the ice, the land rose correspondingly. 
How slow this adjustment is, is shown b 5 ' the fact that the glaci¬ 
ated areas in Europe and Xorth America are stiU rising, though 
thousands of years have passed since the ice disappeared from 
those continents. 

If the subcrustal material, the lateral transfer of which brings 
about isostatic adjustment, were of the same density as the earth’s 
surface rocks, isostasy would preser\'e the irregularities of surface, 
for loaded areas would sink and unloaded ones rise by the amount 
of their loading and unloading respectively. As, however, the 
subcrustal material, the transfer of which compensates for the 
loss or gain of material at the stirface, is much denser than the 
surface rocks, irregularities may be removed. We have evidence 
that ancient mountain ranges, such as the Appalachians, have 
more than once been worn down almost to sea-level. 

The earth's interior is not homogeneous, when a given level is 
followed horizontally, for the Pacific hemisphere is denser than 
the .Atlantic and other local irregularities have been observed. 
These differences are insufficient to produce any perturbation or 

“wobbling” in the rotation of the globe. 

Coniinentol Drift. Mr. F. B. Taylor in this country, and the 
late Dr. .Alfred Wegener in Germany, have independently pro¬ 
pounded a h>'pothesis that, down to a late geological date, the 
continents formed a single great land-mass and then slowly drifted 
apart until the existing arrangement was reached. So far, this 
hypothesis has not passed beyond the stage of an interesting 
speculation, but so many geologists, especially in Europe, are 
accentine it, that it cannot be ignored. 



PRESENT STATE OF THE EARTH 


7 


Land and Water. Because of incomplete knowledge of the polar 
regions, and especially of Antarctica, the area of the land and sea 
cannot be estimated with precision. But even when the polar 
regions shall have been accurately surveyed and mapped, the 
present estimates cannot be materially changed. According to 
these estimates, the land occupies approximately 29 per cent and 
the sea approximately 71 per cent of the earth’s surface. In other 
words, the area of the sea is about two and one-half times that of 
the land, but the cubic quantity of water below sea-level exceeds 
that of land above sea-level in much greater proportion. The 
land-masses are distributed very irregularly in the universal, sea 
and there is far more land in the northern than in the southern 
hemisphere. If the globe be so divided that all of the Pacific 
Ocean is included in one hemisphere, that hemisphere will have 
hardly any land. It is possible so to divide the globe into equal 
hemispheres that almost all the land will be in one and the greater 
part of the sea in the other. In such a globe, the north pole 
would be on the coast of France and the south pole near New 
Zealand. In the southern hemisphere, thus formed, the only 
land, other than small islands, would be Australia, New Zealand, 
Antarctica, and the southernmost tips of Africa and South America. 

The principal bodies of land radiate in three lines from the north 
pole and it is possible to go from any point of the Arctic coast to 
Cape Horn, the Cape of Good Hope, or to the southern shore of 
Austraha without losing sight of land. This arrangement of the 
land in three radiating masses has been of the utmost importance 
in facilitating the spread of terrestrial plants and animals over 
the earth. The distribution of land and water on the earth’s 
surface, irregular as it seems to be, results in a sort of compensatory 
balance. The antipodes of almost every point on the land are 
in the sea, though, because of the vastly greater extent of the sea, 
the converse statement would not be true. The Arctic Sea lies 
in a deep depression around the north pole, while at the opposite 
end of the earth’s axis is Antarctica, a lofty land-mass of approx¬ 
imately the same size as the Arctic Sea. 

The Sea. The mode of dividing the universal sea into oceans 
IS more or less arbitrary and differs much in different books. 
School geographies generally recognize five oceans, but most 
modern geographers accept only three, or even two : the Atlantic 
and the Pacific. The Arctic is really part of the Atlantic and 
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the Indian of the Pacific, while the Antarctic is the junction of 
the two great oceans. Whatever classification is used, the sea is 
one and indi\isible and everA* part of it is in communication with 
every other part and the continents are islands in the universal sea. 

It is entirely’ due to the irregularities of the earth’s surface that 
there is an\" dry land at aU; if the surface were actually smooth, 
the globe would be uniformly covered with water to a depth of 
about two miles. The depth of water varies much in different 
parts of the sea, and despite the many lines of soundings which 
have been made across the oceans, by far the greater portion of the 
sea is of unknown depths, but it is generally estimated that the 
average is 2,000 fathoms, or 12,000 feet. Each ocean occupies a 
profound depression of the earth’s surface, from which the con¬ 
tinents rise steeply. 

Veiy^ frequently, the true ocean basin begins at the 100-fathom 
line, which is therefore generally taken as the boundary between 
deep and shallow water. With the old hand sounding-line it is gen¬ 
erally impractical to sound in depths greater than 100 fathoms and 

* 

such depths are said, in sailor parlance, to be “off soundings.” 
As a general rule, the sea-bottom slopes very gradually from the 
shore to the 100-fathom line, at which the steep descent to the 
ocean-floor begins, but there are so many exceptions to t his rule 
that some geographers attribute no significance to the 100-fathom 
mark. Off the west coast of Ireland, the steep descent of the 
bottom begins at the 200-fathom mark and at the mouth of the 
Congo, on the west coast of Africa, it is the 50-fathom line. The 
submerged border of the continent, known as the coniinentcd shelf, 
varies greatly in width. 

Along the eastern coast of North America the continental shelf 
is 100 miles or more in width, but is not ever 3 nvhere distinctly 
marked. Off the Carolina coast, for instance, the bottom slopes 
graduall)’' from the low-tide mark to very deep water without any 
notable change of grade. On the other side of the Atlantic, the 
shelf is ver 3 ^ wide in northern Europe, extending to two hundred 
miles west of Ireland and uniting Ireland and Great Britain to 
the continent. The Irish and the North and Baltic seas are on 
the shelf, which rapidly narrow’s to the southward and is only a 
few miles wide on the French and Spanish coasts of the Bay of 
Biscay. The average seaward slope from the western edge of the 
continental shelf is 13^ or 14°, but is sometimes very much steeper. 



Where the French cable from Brest to New York passes down the 
continental slope, the angle is 30° to 41°, grades as steep as those 
found in the Alps. On the Pacific side of both North and South 
America, the shelf is very narrow, only 10 to 15 miles in width. 
The area of the continental shelves throughout the world is esti¬ 
mated as rather more than 50,000,000 square miles. 

The ocean-floor is remarkably flat, with very gentle grades, but 
there are elevations and depressions; the greatest depth of a 
depression is called a deep and those which give soundings of 
more than 3,000 fathoms have received names. The deeps are 
not, as a rule, in mid-ocean, but in narrow trenches near the foot 
of the continental slopes. The Atlantic Ocean, North and South, 
is divided into two depressions by the Central Rise, over which 
the water is 1,000 to 1,500 fathoms deep and which, beginning at 
Iceland, has been followed to 55° south latitude, a distance of 
7,500 miles. At 51° north latitude the rise expands into a plateau, 
and there is another plateau upon which the Azores stand. 

On each side of the rise is a trough, which widens into basins; 
the western trough expands northward into the North American 
Basin, the greatest known sounding in which is one of 4,561 
fathoms in the Porto Rico trench. To the south the trough 
widens into the Brazilian Basin, great spaces of which are more 
than 2,500 fathoms deep and the greatest known depth of which is 
4,030 fathoms in the Romanche Deep, which lies almost on the 
equator. On the eastern side of the Central Rise the trough is not 
so deep, though soundings of 3,300 fathoms have been made in the 
North African Basin and of 3,284 fathoms in the Peake Deep near 
the Azores. In the broad simplicity of its topography, the floor 

of the Atlantic Ocean is unlike any known land-surface and the 
same may be said of the other oceans also. 

The foregoing is the account usually given of the topography 
of the deep-sea floor and is probably quite accurate for that part 
of the North Atlantic which has been repeatedly sounded for the 
submarine pables, but the cruise of the German naval surveying 
ship Meteor, which made 13 profiles across the ocean and over 
33,000 soundings in the South Atlantic, has produced much un¬ 
expected information. Using the sonic method of sounding, which 
was developed by the United States Navy during the World War 
the Meteor was able to take a sounding every 20 minutes while the 
ship was at sea. The reports of the cruise are not yet accessible. 
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but from preliminar}' accounts it is plain that ver\’ little has been 
known hitheno as to the conformation of the deep-sea floor, 
which, in the South Atlantic at least, is far more irregular and 

broken than had been supposed. 

Inclosed, nearly land-locked seas, such as the ^lediterranean, 
the Caribbean, the Gulf of Mexico, and the Arctic Sea, may be of 
truly oceanic depths, as aU of those named are. The history of 
the Mediterranean, for example, is of great geological significance; 
this sea is demarcated from the Atlantic by a submarine ridge, on 
which the water is nowhere more than 175 fathoms deep, and 
which runs from northwest Morocco to southwest Spain. The 
sea itself is made up of three basins. The western or Balearic 
Basin, from Gibraltar to the rise on which Sardinia and Corsica 
stand, has a maximum depth of 1,742 fathoms; the Tjurhenian 
Basin, between the Sardinian Rise and the coast of Italy, is nearly 
2,000 fathoms deep, and the Eastern Basin, from Italy to Asia 
Minor, has large areas more than 2,000 fathoms deep. Italy, 
Sicily, and Tunis are connected by a rise which is covered by water 
nowhere as much as 200 fathoms deep, and mostly less than 100 
fathoms. The Gulf of Me.xico and the Caribbean Sea are simple, 
flat-floored basins, so far as they are known. 

Fringing seas, such as Bering Sea, the North feea, and the Baltic, 
are all relatively shallow, less than 100 fathoms in depth, and all 
have repeatedlv been land-surfaces: their bottoms were land at 
a very late geological p)eriod. Hudson Bay is an example of an 
epicontinental, or epeiric sea — shallow water which has submerged 
large areas of land to an average depth of only 70 fathoms. The 
distinction between the shoal-water fringing and epicontinental 
seas on the one hand and the ocean basins on the other is of 

fundamental geological importance. 

Permanence of Ocean Baeiiu. There is much reason to believe 

that the great depressions, which form the oceans, and the con¬ 
tinental platforms date from the remotest geological antiquity. 
ThLs however, is a debatable thesis and it is impossible to present 
the arguments, pro and con, in an elementary textbbok, only a 
few of the reasons for this belief can be stated here. Before the 
deep sea had been explored, geologists assumed that sea and land 
had frequentlv changed places, so far at least as the much smaller 
area of the land would permit. The geological record, however, 
shows that, from the earhest recorded time, there has always been 
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land on the site of the existing continents. With, perhaps, the 
exception of Africa, all of the continents have been extensively 
submerged beneath the sea and their surfaces are, to a very 
large extent, made up of marine rocks. These rep>eated sub¬ 
mergences were, in nearly all cases, beneath shallow epicontinental, 
or fringing seas, not oceanic depths. 

The ocean basins have a topography so different from that of 
the land as to make it very improbable that any large areas of 
the sea-floor have ever been land; no sunken continent has been 
revealed by the sounding line. This does not imply that narrow 
isthmus-like land-connections may not have been carried down to 
great depths and some such connections are suggested by subma¬ 
rine rises and ridges which are not covered by truly oceanic depths 
of water. One such connection, which is made exceedingly prob¬ 
able by many independent lines of evidence, is that between South 
America and Antarctica by way of the Falkland and South Shet¬ 
land islands. A bath 3 mietrical map of the Antarctic Sea clearly 
indicates this line of connection. A similar connection is suggested 
by the rise which separates the Arctic and North Atlantic basins 
and supports the Faroe and Shetland islands, Iceland and Green¬ 
land. Conversely, the islands which fringe the Banda Sea show 

evidence of having been raised from great depths, but this is very 
exceptional. 

A belief in the permanence of the ocean basins was long held by 
most geologists, but has been waning of late, and map-makers 

now raise continents out of the deep sea as they did before the 
time of Darwin and Dana. 

The Taylor-Wegener hypothesis of continental drift is not 
essentially opposed to a belief in the permanence of the oceanic 
depression. Continental drift does not imply the elevation of 
sea-bottoms into land, or, conversely, the depression of land into 

the deep sea, but the slow movement, horizontally, of the con¬ 
tinental masses over the sea-bottom. 

The Land. Like the exact areas of land and sea, the average 
elevation can be given only approximately, because of uncer¬ 
tainty as to the altitude of great unexplored areas, such as the 
interior of Brazil and the Antarctic continent. Excluding Ant¬ 
arctica, the average elevation of the continents above sea-level is 
about 2,275 feet (700 meters). From the distribution of baro¬ 
metric pressures, Antarctica is estimated at the remarkable height 
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of 6.500 feet, and this, if confirmed, will raise the average for all 
the lands to 2.600 feet. About one per cent of the total surface 
of the earth i.e., including the sea) is more than 10,000 feet above 
sea-level, only 54 per cent of the whole is higher than 3,250 feet 
1,000 meters and 104 per cent is below 750 feet. Comparii^ 
these proportions with those of the sea-bottoms at various depths, 
we find that the submerged continental shelf makes up between 
4 and 5 per cent of the earth's surface: 23 per cent is between 
2,000 and 2,750 fathoms, and 2 per cent between 2,000 and 5,500 
fathoms. These estimates show how much greater is the depres¬ 
sion of the ocean-floor below sea-level than the elevation of the 
continents above it. In other words, the cubic content of the 

water is vastlv in excess of that of land above sea-level — neailv 

♦ • 


30 times as great. 

The land-surface is much more diversified than is the bottom 
of the sea, plains, plateaus, hills, valleys, and mountains being 
the principal elements of topography. Plains are the more or less 
flat and low-lying parts of the land, though they may gradually 
rise to great heights, as do the Great Plains of western North 
America. At their eastern border these plains are but little above 
sea-level, but rise westward almost imperceptibly, until, at the 
foot of the Rocky Mountains, they have an altitude of 5,000 feet 
or more. The plateau, or table-land, is an elevated plain, but the 
distinction is not only in height, for some plains are higher than 
some plateaus. The western part of the Great P lains is more 
than twice as high as the Cumberland Plateau of Kentucky and 

The difference is that, at least on one side, the plain 
is abruptly bounded by higher, the plateau by lower land. From 
Long Island to Te.vas. the -\tlantic and Gulf shores of the United 

are formed by the low-lying, almost flat Coastal Plain. 
1 the landward side this is demarcated by the Piedmont Plateau, 
lich is of no great height, and if the sea came to its foot, as it 
rmerly did, the plateau would be called a plain. 

Between plateau and mountain the distinction is not always 
Knr vTlO i> in the summit area. 



which, in the plateau, is always considerable and may be very 
great, and, in the mountain, is small in proportion to its hei^t. 
Pbteaus may be greatly cut up by rivers and atmospheric 
agencies and are then said to be "dissected.” Detached frag¬ 
ments of a pbteau. which retain the original flatness of thdr 



tops, are called table mountains, or, if low, have the Spanish 
name mesa. 

>^hanges of Surface, ^he earth is not to be regarded as a finished 
product; on the contrary, it is subject to continual change at 
present, as it has been throughout its history. Sometimes these 
changes are sudden, caused by a great earthquake, a volcanic 
eruption, or violent hurricane, but much more important are the 
slow, almost imperceptible changes which are brought about by 
the atmosphere, running water, etc. These are the more important 
because they are unceasingly active over the whole surface of the 
land. Changes in the bed of the deep sea are only those due to 
subterranean agencies, such as diastrophism, earthquakes, and 
volcanoes. 

The changes through which the earth has passed group them¬ 
selves naturally into cycles, which have been indefinitely repeated 
and are still in progress. These cycles are both geographical, as 
recorded in the topographical features of the land and the sea- 
coasts, and geological, as revealed by the study of the rocks. 
The topography and drainage of a region go through a course of 
development with definite stages, which are called youth, maturity, 
and old ag^ Because of the extreme slowness of the changes 
and the brevity of human life, it is not possible to observe these 
stages successively, but each of them may be found exemplified 
somewhere at the present time. An intelligent comprehension 
of existing topographies requires a knowledge of the manner in 
which the features of the land’s surface have been produced, modi¬ 
fied, and swept away. The process is often caUed “ land-sculpture, ” 

because of the analogy of carving a block of wood or stone into 
relief. 


Age of the Earth. In no part of the science of the earth has 
there been so great and revolutionary a change as in opinions 
concernmg the earth’s antiquity. Throughout the Middle Ages, 
among European nations, the earth was supposed to be 6,000 years 
old and it was not until the eighteenth centuiy that the famous 

8000 ? made the startling suggestion that 

80,000 years should be allowed. This was before the science of 

Geology had come into existence, and the development of that 

science sp^dily showed that the earth’s age must be reckoned in 

millions of years. From time to time, additional data made it 
necessary to increase the estimat.f«. anH a. 
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mine the earth's cbionologt- in years were made, but none of them 

was satisfacton- or convincing; they merely showed t^t the 

antiquity of the earth was very great, much ^ater than e 

phwicists and astronomers were mclined to atot. 

Of late, two independent methods have btren devmed, which 

seem to promise trustworthy and esac, results, though one o 
'these deah onlv with the latest and shortest ditusion of the earth a 
Us^rtu The 'first of these methods make, use of the Ptenome''» 
of mSo-activitv and especially of the change, brought about m 
the uranium series, .\fter passing through divers changes, tta 
series ends in lead and it is found that the rate of tra^fomrat on 
^ constant and cannot be hastened or retarded by chan^g tto 
w>oT~>nirp nre^ure or other conditions. The proportion of 

leS^to urakum icalled the uranium-kad ratio) in 

Tn accmJite measure of the age of those rocks. T^^hod 
indicates that about 1,000,000,000 years must have elaps^ smce 

.::^a“r ofn?; a^:» 

coiuiv.iv in . • r ^ TV^ic mpthod eivos consistent 

fibres for tte'datHf the (hsappearance of the ice in Europe and 

ngrnted \Iathematies. astronomy, phj-sics, chemis ry, 

excepted. Matnemai . ^ indispensably necessary for 

certain geological obsert^attons and rS; 

r r Si'Srrr " fr «h::: 

it IS 



mem, though any such scheme has the drawback ol being more oi 
less arbitrary and artificial. The classification most commonl}! 
adopted in this country is as follows: 


I. Physical Geology 


1. D 3 Tiamical Geology 

2 . Structural (or Tectonic) Geology 

3. Physiographical Geology (or Geo¬ 

morphology) 


II. Historical Geology 


I. Physical Geology 
1. Dynamical Geology 

This deals with the various agencies now in operation upon 
and within an earth which act to modify and change the outer 
portion of the crust. The deep interior does not appear to be 
subject to modification other than that due to isostatic adjustment 
and secular cooling — this coohng may possibly be offset by the 
effects of radio-activity. It is the changes at and near the surface 
that form the subject of dynamical geology. Nothing terrestrial 
is quite stable or unchangeable, a slow and ceaseless circulation 
of matter is going on upon and within the earth. For the pur¬ 
poses of this study we may regard the matter of the earth as inde¬ 
structible and of constant amount. The quantity of matter which 
reaches us from outer space, in the form of meteorites, is relatively 
so small that it may be neglected. 

The agencies which modify the earth are two general classes: 
(1) the Subterranean, which arise within the earth and are due to 
its own inherent energy, more particularly to the high tempera¬ 
ture which, as we have seen, characterizes its interior. To this 
class belong diastrophism, volcanic activities, hot springs, earth¬ 
quakes, and the like. These are all manifestations of the internal 
heat and, originating within the earth, may or may not reach the 
surface, to bring about changes there. (2) The Surface agencies 
are all due to the energy derived from the sun and penetrate but 
a relatively short distance into the crust. The work of the atmos¬ 
phere, of running water, moving ice, lakes, and the sea, animals 
and plants, comprises the more important classes of the surface 
agencies, which operate chiefly upon the land and the sea-coast — 
the sea-bottom is not affected by them. The work of these agents 
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may be summed up briefly as the destruction and reconstruction 

of rock and the transportation of rock-materials. 

It is the study of changes now going on upon and within th^^ 
earth which furnishes the key to an interpretation of the eartn’s 
past history, but this method is insufficient to solve aU geological 
problems. Many of the changes which the earth has undergone 
are such that they have never been observed, either because they 
took place so slowly, or so far below the surface, that they were 
beyond the reach of observation, and the causes of the chanp 
must be inferred from the result. No man has ever observed the 
birth of a mountain-range, or has seen beds of soUd rock folded 
and crumpled like so many sheets of paper. Such problems are 

referable to structural geology. 


2. Structural Geology 

This division, also called tectonic geology, or simply tectonic, 
deals with the materials of which the earth is composed and the 
manner in which they are arranged and also endeavors to explain 
how that arrangement was brought about, for structural geology 
is not merely descriptive. The structure and arrangement of 
great masses of rock must be interpreted by the apphcation of 
dynamical principles, but the application is not always clear and 
free from ambiguity. This is because a given structure may often 
be referred, with equal probability, to different dynamc agents. 
Hence great differences of opinion arise concerning the 
tion of structure in a complicated region. The ^jfficdty is to 
select, from several possible interpretations, the ^eal and ngMM 
explanation. As in aU other provinces of geology, 

operated, but also the successive steps of the operations, the ord^ 
in which they occurred, and their geological date In depa 
ment of geolog>^ are there, at present, so much d«n a^ 
speculation as in tectonics. Diastrophism, the mode of ^ 
of mountain ranges, continental drift, and ^^^idar 
all subject to lively and often heated debates and tln^ m ^ 

demonstrates the difficulty and obscurity of these J j 

the solutions obvious, there could be no such difference 

opinion. 



3. Physiographical Geology (Geomorphology) 

This department of the subject, variously named by different 
writers, deals with the surface configuration of the land and the 
manner in which this configuration, also called topography, has 
been produced. Land areas are the result of many comple.x and 
conflicting agencies, chief among which are diastrophism and the 
eroding or denuding forces. Diastrophism tends, on the whole, 
to increase the height of the land above sea-level, while the eroding 
agents are unceasingly at work to wear the land away. Inasmuch 
as land-elevation is usually discontinuous, interrupted by long 
periods of rest, geographical cycles occur, each of which passes 
through the stages of youth, maturity, and old age and are in¬ 
definitely repeated. Each of the later cycles of the earth’s history 
has left more or less distinct traces of itself, so that several suc¬ 
cessive cycles may be detected in the configuration of the land; 
these traces grow less and less distinct with geological antiquity, 
until they disappear altogether. 

In America this subdivision of geology is most commonly called 
Physiography, a term which has the disadvantage of being used in 
many different senses; literally, it means a description of nature 
and is thus very vague. Much the best term that has been pro¬ 
posed is Geomorphogeny, the genesis of land-forms, but established 
usage cannot be easily changed. 

Dynamical, structural, and physiographical geology together 
constitute the division of Physical Geology, in which the methods 
are those of the physical sciences, zoology and botany being almost 
excluded, though these have some importance in dynamics. 
Nevertheless, tectonics and physiography have a large historical 
element, so that the distinction from historical geology is some¬ 
what vague. Dynamics, on the other hand, deals exclusively 

with the present it is the study of processes and results now 
going on. 

II. Historical, Geology 

Historical geology is the study of the earth’s history, including 
the development of the animals and plants which have lived upon 
its surface. This history is recorded almost entirely in the strati¬ 
fied rocks (see p. 19), those which have been formed chiefly under 
water, though also, to some extent, upon the land. It is only 
such rocks as contain fossils, the remains of animals and plants, 
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which enable us to determine the chronological succession of the 
rocks and to correlate the rocks of distant regions and se^te 
continents, so as to construct the history of the earth, which it is 

the particular aim of geology to write. 

The problem of the earth’s origin cannot be treated except ^ 

part of the solar system, and thus belongs to astronomy. The 

mo.t ancient known rocks must be much later than the pnmordml 

crust of the earth which, it is believed, was formed by the sohdi- 

fication from cooling of the molten mass. Histone^ geology 

proX begins with the oldest rocks, the pre-histonc portion must 

out that geology calla upon aU 

Ac ear^h and much of its area is common to other Avtsious. 
PhysTcal geography and dynamical geology for example ~yer 

nearly the sam e ’ ^ particular domain of the geologist, 

S belts th no oler since, but, aa said 

\ny Insiderable constituent of the earth's crust ys caB^ 
a rock in geology; this usage dilfets ° 

"^Strnd'hardness. Oeolo^caUy, a ^d of sand, or grayel, 
or soft clay is as much a rock as gramte or marble. , 

teks are composed of minerals in a state of mechamcal nnx- 

Rocks ha^e no ae composed of granular or 

erties, or crystalline form. ^ mixed in 

rnvto^ottd Aetroperties of 'a rock are 

f ’’Ttt rrt — C: Xch occur U. gr^ 

tntl most minerals are „,::i 

Aade into one another by unperceptible gradation wMe 

are perfectly distinct Zd in the classifi,^ 

urtrtgttgs, suA as species and variety, am also appUed 

to minerals. 
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The classification of rocks is, so far as possible, genetic, i.e., 
according to their mode of origin and formation and, in making 
this arrangement, only such divisions are to be adopted as may 
actually be observed in natural processes, or may be experimentally 
produc^. From the genetic point of view, there are two mam 
classes of rocks, the igneous and the sedimentaiy, while a third, 
the metamorphic class, is intermediate between the two principal 

groups. 

1. Ignemt^ Rocks are those which have sohdified by cooling 
from a molten state; they are found in more or less irregular 
masses, not divided into layers or beds. A few igneous rocks 
solidified so rapidly that ciy'stalhzation was impossible: but, in 
the great majority of examples, the component minerals are ciystal- 
line piarticles or grains and are, for the most part, of comple.x 
chemical composition. The igneous rocks, while still melted and 
more or less fluid, have been forced upward from the earth s interior 
and have thus penetrated the overhung rocks in vaiying ways. 
Sometimes they reach the surface and are ejected in volcanic 
masses; more frequently, they sohdify at all depths below the 
surface and in such cavities as they find or make in the preexisting 
rocks, through which they have forced their way. 

2. Sedimentary or Stratified Rocks were laid down either under 
water or, much less frequently, on land, in successive beds or 
strata. The material of which the sedimentary' rocks are made 
was derived from the disintegration or chemical decomposition 
of older rocks, was transported by wind or running water, often 
for very long distances, and was finally deposited, usually in 
the sea and in horizontal beds. The material of sedimentary- 
rocks is, with a few exceptions, fragmentary-, i.e., made up of 
fragments of all sizes, derived from older rocks and usually rounded 
and water worn. The component minerals are such as arise from 
the decomposition of the minerals of the igneous rocks and are 
therefore simpler in chemical constitution and more stable under 
conditions which obtain at and near the earth's surface. While 
the more abundant sedimentarj- rocks, such as shales and sand¬ 
stones, are made up of the debris of older rocks, there is an im¬ 
portant group, such as limestone, which are accumulations of the 
shells and tests of animals and plants. A much less important 
group is made by deposits of lime or flint compounds from solution 
in water; these are of very limited extent and made by springs. 



componenrfraginent;; mostly under water, they are laid do^ 
horizontal beds, or strata, though, under except^ conditioi 
there are local departures from honzontahty. When, therefoi 
the strata are found, as they ver>- frequently^, m tilted, mclme 
or folded attitudes, it follows that they have been greatlj disturb 

from their original positions. , ■ <, 

3 A third class, the Metamorphic Rocks, are sedimentary 

igneous rocks, which have been more or less reconstruct^ 

place, without decomposition or disintegration, 

increase of hardness. This alteration occurs in aU degrees 

intensity and completeness, from a simple mcrea^ of hardn 

Z a profound reconstruction, with the genesis of entirely n 

minerals. Thus a sedimentary rock may undergo such radi 

“^nriruction as to become cr^-stalline in texture, its compon. 

minerals being those of the igneous class. -^Tule 

that is obscure about metamorphism, it is certam that the pi 

cipal agent of change is heat. 
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CHAPTER II 

THE ROCK-FORMING MINERALS 

“Although many thousands of compounds are known to chem- 
sts, and an almost infinite number are possible, they reduce on 
inaiysis to a small group of substances which are called elements. 
\11 the compounds found in the earth are formed by their union, 
of the elements, with one another, and they are not to any con- 
liderable extent reducible to simpler forms of matter by any means 
low within our control.” 'F. W. Clarke.) Of these simple unde- 
;omposable substances, or rather of these elementary unreducible 
nbstances, of which 84 have been definitely discovered and named, 
inly 16 enter very largely into the composition of the earth's crust, 
rhe others are rare in that portion of the earth which is accessible 
0 direct examination. It is estimated that 98 per cent of the 
■arth's crust, including the ocean and the atmosphere, is made up 
>f the following eight elements, arranged in order of abundance, 
vdth percentages as calculated by Clarke and W ashington: 

Oxygen (O) . . « 46.6S Calcium (Ca) . . . 3.63 

Silicon (Si) . . . 27.60 Sodium (Xa) . . . 2.72 

.AJuminium (Al) . . S.05 Potassium (K) . . . 2.56 

Iron (Fe) . . . 5.03 Magnesium (Mg) . . 2.07 

rhe other eight'elements in order of abundance, Titanium (Ti), 
Phosphorus (P), Carbon (C), Hydrogen (H), Manganese (Mn), 
5ulphur (S), Chlorine (Cl), and Barium (Ba), are present in much 
mailer quantities, and together form only 1.55 per cent of the 
arth's crust. Thus 99.89 per cent of the knowm crust of the earth 
3 composed of only 16 elements, leaAing slightly over one-tenth 
if one per cent for all the others, including such well-known metals 
-s copper, lead, zinc, tin, silver, and gold. Of the 16 elements 
lamed, other than gases, only two, carbon and sulphur, occur 
a nature uncompounded. AH the others exist in compounds 
ormed by the union of two or more of them. The elements abun¬ 
dant in the lithosphere are the lighter ones, with atomic weight not 

xceeding 56, and for the most part much below that. The heavy 
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metals are found in very small quantities. The deep interior, as 
shown on page 21, is much denser than the hthosphere, and must 
contain a far larger proportion of the elements with high atomic 
weight; but the lighter elements must preponderate over the heav¬ 
ier in the globe as a whole, for a mixture of all the elements in equal 
proportions would be denser than the earth actually is. The 
naturally occurring elements or compounds are called minerals. 


which may thus be defined : 

A mineral is a natural inorganic substance which has a homo¬ 
geneous structure, definite chemical composition, and physical prop¬ 
erties and, usually, a definite crystal form. The definite chemical 
composition is expressed in a formula which gives the number and 
proportion of the elements uniting to form the compound, but 
sometimes it is necessary' to write the formula in a generahzed way. 
Thus, certain elements and compounds may replace one another 
mthout changing the character of the mineral or its form. Such 
replacement is caUed isomorphism and occurs only with related 
elements; they are usuaUy, though npt invariably, alike chemi¬ 
cally In simple compounds such as chlorides or sulphides, lith¬ 
ium,' potassium, caesium, and rubidium are isomorphous; but 
sodium is isomorphous with these only in some complex sihcates. 
Chlorine, iodine, and bromine are isomorphous for simple com¬ 
pounds. Calcium, magnesium, manganese, and ferrous iron are 
isomorphous in many minerals, as are also ferric iron and alumin¬ 
ium. Isomorphism in the highly complex minerals may myolve 
whole groups of elements; and hence the formula of garnet, for 
rimple, is written R".' R"'t(SiO.)., R" standing for calcmm, 
magnesium, iron, and manganese, and R usually for alumimum, 

iron, chromium, titanium, and manganese. . „ ... 

Many minerals of very variable composition, such as the feld- 

snars micas, amphiboles, and pjTOxenes, are now conceived of as 

teing mixtures of certain definite compounds, as wiU be more fuUy 

set forth in the description of these mineral groups. 

The problems of the chemical composition and genesis of the 

miLralfand the igneous rocks are very largely those of physica 
chemistry, in which not only chemical reactions but also Pbysical 

, such as temperature and pressure, must be taken into 

“The°*'so».orp/.a»s miztures of which certain minetal series am 
made up will be described in a subsequent section. . ery similar, 
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if not identical, relations are those to which the term solid solution 
has been applied. 

Crystals are solids of more or less regular and sjTnmetrical shape, 
usually bounded by plane surfaces. The number of known cr>’stal 
forms is very great, and yet they may all be grouped in six sv'stems, 
which are characterized by the relations of their axes. The axes 
of a crystal are imaginarj' lines which connect the centers of oppo¬ 
site faces, or opposite edges, or opposite solid angles, and which 
intersect one another at a point in the interior of the crj'stal. The 
systems of crystal forms have received many names, the following 
being those which are most generall}' used in this countr)*: 

I. Isometric System (monometric, cubical, regular). In this sys¬ 
tem the three axes are of equal length and intersect one another 
at right angles. 

II. Tetragonal System (dimetric, pyramidal). The axes inter¬ 
sect at right angles, but only the lateral ones are of equal length, 
and the vertical axis is longer or shorter than the laterals. 

III. Hexagonal System. Here four axes are employed, three 
equal lateral axes intersecting at angles of 60°, and a vertical a.xis 
perpendicular to the laterals and longer or shorter than they, 

IV. Orthorhombic System (rhombic, trimetric). The three axes 
intersect at right angles and are all of different lengths. 

V. Monodinic System (monosymmetric, oblique). All three 
axes are of different lengths; the two laterals intersect at right 
angles, while the third axis is oblique to one of the laterals. 

VI. Tridinic System (anorthic, asymmetric). Three axes of 
unequal length and oblique to one another. 

It is important to comprehend the relations which the crystal 
forms of a given system bear to one another. For example, a regu¬ 
lar octahedron may be derived from a cube (both of which are in 
the Isometric System) by evenly paring off the eight solid angles 
until the planes thus produced intersect one another, the centers 
of the cube’s faces becoming the apices of the solid angles of the 
octahedron. Conversely, a cube may be derived from a regular 
octahedron by symmetrically truncating the solid angles until the 
planes thus produced intersect. By slicing away the twelve edges 
of a cube or of a regular octahedron a dodecahedron (twelve-sided 
figure) will result. These crystal forms are, therefore, so related 
as to be all derivable one from another, and the relations of their 
axes remain unchanged; all three forms may be assumed bv the 
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same mineral, and thej" thus properly belong in the same system. 
Similar relations may be observed between the crj'stal forms of the 
other systems. 

It might be supposed that the crj^stal systems and the relations 
of their imaginaiy" axes were merely mathematical de\ices to reach 
a convenient classification of forms, but such a conclusion would 
be very erroneous. Crystal form is an expression of the arrange¬ 
ment of atoms, and the physical properties of minerals are closely 
related to their mathematical figure. It is clear that these physical 
properties are conditioned by the way in which the atoms are 
built up into the cr^'Stal. Amorphous substances refract fight 
equally in all directions, and are thus called isotropic; but when an 
amorphous substance crj^stallizes it takes on the qualities proper 
to its crj'stal form. Thus water is isotropic, while the hexagonal 
ciy’^stals of ice are singly refractive in only one direction, and 
doubly refractive in all others. The same substance may, under 
different circumstances, crj^stallize in different systems, and will 
then display the properties appropriate to each system. 

Not only the refractive powers of a ciy^stal, but also its mode of 
expansion when heated, and its conducti\ity of heat and electricity, 
are controlled by the arrangement of atoms which determines its 
form. 

The ciy^stals of the isometric system, which have their three 
axes of equal length, are singly refractive in all directions (iso¬ 
tropic), expand equally when heated, and conduct heat and electric¬ 
ity equally in all directions. Those of the tetragonal and hexago¬ 
nal systems, which have one axis longer or shorter than the others, 
are doubly refractive along the lateral axes, expand equally when 
heated, and show equal conducti\'ity along these axes. Along the 
third or principal axis the}' are singly refractive, display a different 
conducti\dty, and when heated expand to a different degree. In 
the orthorhombic, monocfinic, and triclimc systems, which have 
all the axes of unequal lengths, the ciy'stals are singly refractive in 
two directions. They expand unequally, and conduct differently 


along all their axes. 

The optical properties of minerals are most useful in the study of 
rocks, and with the aid of the polarizing microscope very minute 


cr}'stals may be identified. 

^lost inorganic substances which are solid .under any circum¬ 
stances are capable of assuming a crystal form, so that sofidifica- 
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tion is usually by means of cr^’stallization. For the formation of 
large and regular cr}’'stals it is necessary' that the process be gradual 
and that space be given for the individual crystals to grow. 
Usually crystallization begins at many points simultaneously, and 
the crystals crowd upon one another, resulting in a mass of more 
or less irregular crystal grains. The same substance which, when 
very rapidly solidified from the molten state, forms amorphous 
glass will, if slowly solidified, form distinct cr^'stals. 

Crystallization requires that the atoms be free to move upon one 
another and thus arrange themselves in a definite order. It may 
take place either by the deposition of a solid from solution, by 
cooling from the molten state, or by solidification from vapor. In 
all cases the size and regularity of the crystals depend upon the 
time and space allowed for their growth. In a manner not yet 
understood, amorphous solids like glass may be converted into 
crystalline aggregates without being remelted. Certain glassy 
volcanic rocks, though amorphous when first solidified, have 
gradually become ciy^stalline; and similar changes have been 
observed in certain artificial glasses of considerable antiquity. 
This process is called devitrification. For this and other reasons the 
physical chemist regards glass, not as a true solid, but as a super¬ 
cooled liquid.^’ 

The actual steps of crj^stallization may be observed by evaporat¬ 
ing with extreme slowness the solution of some crystalline salt 
under a microscope. The first visible step in the process is the 
appearance in the clear fluid of innumerable dark points, w'hich 
rapidly grow until their spherical shape becomes plain. The tiny 
globules then begin to move about rapidly and arrange themselves 
in straight lines, which look like so many strings of beads, when the 
beads suddenly coalesce into straight rods. The rods then arrange 
themselves into la 3 ’'ers, and they build up the cr^'stal so rapidlj*^ 
that it is hardly possible to follow the steps of change. In certain 
glassy rocks, such as obsidian, which are solidified too quickly to 
form ciystals, the incipient stages of crystals in the form of minute 
globules and hairlike rods may be detected with a microscope. 

Many minerals, especially those which crj'stallize from solution 
in water, contain water in chemical combination w'hich may be 
driven oflf by heating. The water which is readily removed and 
at a low temperature is called the water of crystallization; that 
which is removed only at a high temperature, the water of con- 
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stituiion, bears an entirely different relation to the molecule * from 
the loosely held water of crj'Stallization. For instance, the cr>'s- 
tals of zinc sulphate contain 7 molecules of water (ZnbOi • < HjOi, 
of which 6 are removed at a temperature of 100° C., but to remove 
the seventh the temperature must be raised to 240°. This last 
molecule is water of constitution ; the other six are water of crjs^ 
tallization. Sometimes the water of crystallization is so loosely 
held that it is driven off in dry air. Ordinary' washing soda when 
freshly formed is in transparent, colorless crystals which contain 
10 molecules of water (.NaCOs ■ 10 H^O), 9 of which are lost in dry- 
air and the cry-stals crumble into a white powder. This process is 
known as efflorescence. Even some of the igneous minerals, such 
as the micas and hornblendes which crystallize from molten magma, 
contain water of constitution; but most minerals formed in this 


way are anhydrous: that is, they contain no water. 

Cleavage. Many minerals, even the hardest, split more or less 
readily in certain fixed directions, producing lustrous faces. In 
other directions these same minerals break with an irrepilar frac¬ 
ture. This propjerty of sphtting is called cleavage, and is uniform 
in the different crystal forms of the same mineral. It takes place 
parallel to the actual or pjossible crystal faces. A rhombohet^l 
crystal of calcite (calcium carbonate, CaCOsb when struck with a 
hammer, will break into exceedingly minute rhombohedrons ; and 
a cubical crystal of galena dead sulphide, PbS) breaks into tiny 
cubes Ind^d, it is difficult to find a particle of galena, however 
smaU, that is not cubical. On the other hand, in quartz f&iO.), 

cleavage, though perfect, is difficult. 

Hardness. The hardness of minerals is a useful means of identj- 

f^^ng them. For this purpose they are referred to a s^e of bad¬ 
ness ranging from such soft substances as may be readily scratch^ 
with the finger-nail, to the hardest known substance, di^ond. The 
degree of hardness is expressed by the numencal place of the mmeral 
in^ scale, and intermediate grades are mdicated by factions. 
Thus a mineral which is scratched by quartz and scratches orth^lase 
with equal ease has a hardness of 6.5. The scale is as foUows. 

1. Talc 

2. Gypsum (Selemte) 

3. Calcite 

4. Fluorite (Fluorspar) 

• PhyBicists'^are^^w inclined to doubt the e^tence of molecules m crystals 
The ferTS^bere retained as a matter of pracucal convemence. 


6. Orthoclase 

7. Quartz 

8. Topaz 

9. Sapphire 
10. Diamond 
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Color, The color of minerals is rather a complicated matter, but, 
like hardness, it is very helpful in identification. The color of 
opaque minerals is due to reflected light, and is greatly affected by 
the condition of the surface. To make these conditions uniform, 
it is customary to examine the mineral for color by finely powder¬ 
ing it, which can most readily be done by drawing the mineral with 
firm pressure across a plate of hard, unglazed porcelain. On such 
a plate most minerals make a mark, technically called a tslreak^ 
which is made by a fine powder. Haematite (ferric oxide, Fe 203 ) 
is of many colors, red, gray, brown, or almost black, but all of these 
give a red streak. In transparent minerals, the color may be due 
in part to the chemical composition of the mineral, or may be due 
to minute quantities of included impurities. When pure, quartz 
is transparent and colorless; but many and differently colored 
varieties are known, such as amethyst, with color due to man¬ 
ganese, and rose-quartz which is colored by lithium. Chrysoprase 
is silica made green by nickel. The green of the emerald and 
some garnets is due to chromium. Iron produces a variety of col¬ 
ors, according to its quantity and degree of oxidation — red, 
brown, yellow, green, and blue. Copper produces blue, green, or 
red, and many blue minerals are colored by cobalt. 

Specific Grauity. The specific gravity of a mineral is its weight 
compared with that of an equal bulk of water. 

Forms and Combinations, A forru is an assemblage of faces, 
all of which have similar relations to the axes of the crystal. Two 
or more forms occurring as a single crystal make up a combination. 
Only forms belonging to the same system can occur in combination, 
but, even with this limitation, the variety and complexity of crys¬ 
tals are very great. Certain forms occur which may be regarded 
as developed from other forms by the suppression of one-half or 
three-quarters of the faces. 

Irregularities of growth (distortion) are very common, some faces 
of a form being larger than others, while certain faces may even 
be obhterated ; but however great the variation, the angle at which 
corresponding faces meet remains constant for each mineral. 

Massive and imperfectly crystallized minerals may consist of 
grains, needles, fibers, or thin layers (laminae). 

Compound crystals are formed by the joining of simple crystals. 
When two half-crystals are united along a plane in such a way that 
their faces and axes do not correspond, they are said to be twinned. 
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WTien the twinning is repeated along parallel planes, the crj^tal 
is a poly synthetic tmin. It would serve no useful purpose to enu¬ 
merate other kinds of compound crystals. 

Pseudomorphs occur when one mineral assumes the crystal form 
proper to another. This may take place either by the addition or 
the removal of certain constituents, or some constituents may be 
removed and others substituted for them. The entire substance 
of a mineral may be removed and its place taken, particle by par¬ 
ticle, by another substance; and yet the form, and sometimes even 
the cleavage, of the original substance is retained. The study of 
pseudomorphs is often of the greatest servnce in throwing light 

upon the history of the rocks in which they occur. 

Rock-forming Minerals. The number of known minerals is 
large and constantly increasing as new ones are discovered; but 
most of these are uncommon, and some are at the same time so 
rare and so beautiful that they command great prices as gems. 
Only a few minerals, however, are quantitatively important in the 
earth’s crust. These are called rock-forming minerals, because 
the rocks are aggregations of them. Some rocks are made up 
almost exclusively of a single mineral. A certain very pure lime¬ 
stone consists almost entirely (99 per cent) of calcite. Most rocks 
are mixtures of several minerals; and as mixtures are mechamcal, 
they may be made in any proportion, and hence the different varie¬ 
ties of rocks may shade into one another by imperceptible degrees. 


rock-forming minerals 

A. Minerals Composed of Silica 

Next to oxygen, silicon (Si) is by far the most abundant con¬ 
stituent of the earth’s crust. It is combined with oxygen to form 
silica (Si 02 ) or enters into the formation of more complex com- 

(Si 02 ) is anhydrous silica in a crystalline state, and 
is the most abundant of minerals, at least in the acc^ible por¬ 
tions of the earth’s crust, forming about 12 per cent of ^ kno^ 

those most frequently found are commonly desmbed “ tem^ 

Ld the unit prism. When the two rhombohedrons are 
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equally developed, the crystals have the appearance of being ter¬ 
minated by an hexagonal pjTamid, but this is not possible in the 
type in which quartz crystallizes.” (A. H. Philhps.) It is insol¬ 
uble in acids, except hydrofluoric, and only verj' slowly soluble in 
boiling caustic alkalies. 

While cleaving is difficult, the cleavage is perfect. The min¬ 
eral is very hard (H = 7), scratching glass easily, and cannot be 

scratched by a knife; sp. gr. = 2.6. 

When pure and sjunmetricallj' crj'staUized, quartz is transpar¬ 
ent, colorless, and lustrous, and in this form is called rock crj'Stal. 
More commonly it is found in dull masses. There are many col¬ 
ored varieties of quartz, some of them used as gems, with tints 
due to the presence of small quantities of metallic or organic com- 

povmds. 

2. Tridymite has the same composition as quartz (Si02) but is 
hexagonal above 130° C., probably orthorhombic at lower tem¬ 
peratures. The crystals are small, scaly hexagonal tablets. The 
hardness is the same as in quartz (= 7), but the specific gravity 
is somewhat less (= 2.28-2.33). Above 800° C., which is the 
transitional temperature between them, Tridymite is the more 
stable form of SiOa; below that point, quartz is the more stable. 

3. Chalcedony occurs in spheroidal or stalactitic masses com¬ 
posed of more or less concentric shells. The chemical composition 
is the same as in quartz, but the optical properties are different and 
the mineral is somewhat Ughter. Chalcedony is translucent and 
waxy in appearance, and occurs in various pale colors. The more 
brightly colored varieties have received special names, such as 
carnelian, chrysoprase, and bloodstone. 

4. Flint and Chert are mixtures of anhydrous and hydrated 
silica, and are found in amorphous masses of neutral or dark colors, 
and are opaque, or somewhat translucent in thin pieces. They 
have a dense homogeneous texture, suggestive of horn in appear¬ 
ance, and hence are also called hornstone. 

B. Silicates 

There are several compoimds of silicon and oxygen, or silicic 
acids, which form a very extensive series of compounds with vari¬ 
ous metallic bases. As rock-forming minerals the silicates are 
extremely important, especially in the igneous rocks. 
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7. The Feldspar * Group 

The feldspars are essentially silicates of alumina (^^UOj) and 
some other base : potash, soda, or lime. Orthoclase and microcline 
are potash feldspars (KAlSiaOg) ; albite is a soda feldspar 
(NaAlSisOs); and anorthite a lime feldspar (CaAliSiiOs). By the 
mixture of these end-members in solid solution, two isomorphous 
series are formed: the lime-soda series, collectively called plagio- 
clase; and the potash-soda series, anorthoclase. 

The feldspars crj’stalhze in the Monoclinic and the Trichnic 
Sj'stems, but the forms and angles are much aUke in both. 

All the feldspars have good cleavage in two directions, the angle 
being 90® in the monoclinic form and nearly 90® in the trichnic. 
The sp. gr. varies with composition, but the hardness of all is 

about 6. 

These minerals are normally white, or colorless if transparent; 
but are found tinted by impurities in pale colors — pink, yellow, 

brown, gray, or green. 

The feldspars are the most abundant of terrestrial minerals, the 
various forms constituting about 60 per cent of igneous rocks. 


1. monoclixic feldspars 


Orthoclase is a potash feldspar (K2O, AI2O3, 6 Si02 or KAlSuOs) 
though soda may replace some of the potash. Its sp. gr. is 
2 57 The crj^stals form stout prisms, thin tables, or irregular 
grains and masses. The angle between the two planes of cleavage 
is 90®, and cleavage is much more perfect in one direction than m 
the other. As a rule the crystals are twinned. Most orthoclase 
is white, but frequently is pde yellow, pink, or red. The cryst^ 
are usually dull, not transparent, because of the presence of inclu¬ 
sions or because of molecular change after crj^stalhzation. Weath¬ 
ering produces turbid crj^stals, which even under the microscope 
are hazy Glassy, transparent varieties of orthoclase are caUed 
adularia and sanidine. Sericite, one of the micas, and kaolin are 
formed by the decomposition of orthoclase. 


♦ Tn the second edition of this book the name of these minerals U 
Kirwan who misunderstood the derivation of the term. 



2. TRICIilNlC FELDSPARS 


The minerals of this section are grouped together under the 
comprehensive term plagiodasey because of the difficulty of distin¬ 
guishing them from one another in a thin rock section under the 
microscope. They are very generally characterized by polysyn¬ 
thetic twinning (see p. 28), which produces fine parallel lines on 
the basal plane and the corresponding cleavage face. They vary 
in chemical composition and physical properties from purely sodic 
albite (Ab) to purely calcic anorthite (An). The following table 
from Dana and Iddings gives the composition of the various mem¬ 
bers or the series in terms of albite and anorthite. These mixed 
minerals are not distinct in chemical composition or ph)rsical 
properties, grading into each other on both sides; and there is not 
complete agreement among writers as to the arbitrary limits of 
each kind. 


Name Composition Specific Gravity 

Albite. AbiAn(r-Ab..\ni 2.624-2.645 

Oligoclase. Ab«Ani-Ab»Ani 2.645-2.659 

Andesine. Ab*Ani-AbiAni 2.659-2.694 

Labradorite. AbiAni-AbiAnj 2.694-2.728 

Bytovraite. AbiAnj-AbiAn* 2.728-2.742 

Anorthite. AbiAnt-Abi>.4nj 2.742-2.758 


It will be observed that in composition there is almost perfect tran¬ 
sition from pure albite to pure anorthite, and that the specific 
gravity increases regularly with the rising proportion of the lim^ 
ingredient. 

Anorthite is decomposed by hydrochloric acid, labradorite is 
slightly attacked by it, while the other members of the series are 
not affected. 

Microcline has the chemical composition of orthoclase and plays 
a similar role in the constitution of the rocks, but cr 3 rstallizes in 
the triclinic instead of the monoclinic system. It is in every re¬ 
spect very like orthoclase, and is often mistaken for it. The bright 
bluish-green variety is called Amazon stone. 

The crystals of the plagioclase feldspars resemble those of ortho¬ 
clase, except that the angles are different, and they all show the 
same two distinct cleavages. 

Albite is usually pure white, as its name would indicate. The 
others are normally white, but are often tinted with pink, gray, 
or other pale colors. 
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Anorthoclase is the collective name for a series of triclinic potash- 
soda feldspars. They are of variable composition, and are much 
less common than orthoclase or the plagioclases. 

II. The Feldspafhoid Group 

These minerals are very closely allied to the feldspars in chemical 
composition and geological relations, but differ from them in hav¬ 
ing a smaller proportion of silica, as well as in cr^^stal form and 
physical properties. They are much less widely distributed than 
the feldspars, but have nevertheless an important bearing upon 
the classification of certain rocks in which they occur. 

1. Xepheline (also called Xephelite) is essentially a silicate of 
sodium and aluminium with the formula NasO ■ 2 Si02(KAlSi04), 
with a little of the potash replaced by soda. 

2. Leucite is a potassium-aluminium metasilicate K^O • AI2O3 • 
4 Si02 (I^AJ(Si03'>o). It cr}’stallizes in twenty-four-sided figures, 
trapezohedrons, which are pseudo-isometric, and below the tem¬ 
perature of 500° C it is orthorhombic. In color the mineral is 
dull white or gray. H = 5.5-5.6; Sp. gr. = 2.44-2.56. Though 
leucite is abundant in certain localities and in certain rocks, it 
is on the whole a rare mineral. 


III. The Pyroxene and Aviphibole Groups 

These two groups contain parallel series of minerals, which are 
of similar chemical composition but differ in cr^^stallization and in 
physical properties. Chemically, each group may be dhided into 
two sub-groups, the one of simple and the other of complex com¬ 
position. The most abundant of the minerals of simple composi¬ 
tion are the silicates of magnesium, iron, and calcium, which may 
crj'stallize separately or, as a rule, as mixtures of two or all three 
of these. The complex p\TOxenes, or amphiboles, are also, like the 
simple ones, silicates of magnesium, iron, and calcium; but in 
addition the}^ contain varying amounts of aluminium, ferric oxide, 
and, more rarely, other constituents. Some rather rare minerals 
of both groups contain soda, but none of them contains potash. 

The simple p\TOxenes and amphiboles crystallize in orthorhom¬ 
bic and monoclinic s>'stems, while the complex minerals of these 
groups are all monochnic. Whether orthorhombic or mono¬ 
clinic, simple or complex, the pyroxenes and amphiboles may be 



distinguished from one another by their cleavage. The pyrox¬ 
enes have a prismatic cleavage of about 90°. and in the amphi- 
boles the angles are 124° 30' and 55° 30'. The orthorhombu 
pyroxenes are common, though le.ss so than the monoclinic; bu1 
the orthorhombic amphiboles are so rare as to be uninrportani 
as rock-forming minerals, the monoclinic amphiboles being very 
much more abundant. 

The minerals of these groups are very important and abundant 
and together make up about 17 per cent of all known rocks. 

1. ORTHORHOMBIC PYROXE.VES 

Orthorhombic pyroxenes are all simple silicates of magnesium 
and iron, MgO • SiOs (MgSiOs) and FeO SiO) (FeSiOs), being mix¬ 
tures of these two in nearly all cases. Different names are given 
to different parts of the series, as was done in the case of the feld¬ 
spars. 

1. Enstatite is the magnesium pjToxene (MgSiO.O, wth less than 
5 per cent of FeO. 

2. Bronzite contains from 5 per cent to 14 per cent of FeO. 

3. Hypersihene has more than 14 per cent of FeO, and is the 
commonest member of the series, of which no purely ferrous mem¬ 
ber is known. 

The color darkens, the specific gra\nty increases, and the optical 
properties change with the increase in the percentage of iron. 
Enstatite is usually gray and has a specific gravity of 3.25 ; hyper- 
sthene is brownish black, and has a specific gra\ity of 3.4 to 3.5. 

2. MOXOCLIXIC PYROXENES 

These are more varied in chemical composition than the ortho¬ 
rhombic minerals of the group. 

1. Diopside is the most abundant of the chemically simple mono¬ 
clinic pyroxenes. It is a silicate of calcium and magnesium, CaO ■ 
MgO • 2 Si02 (CaMg(Si 03 ) 2 ). The color is white or light green, 
and it has a specific gravity of 3.2. Diopside usually has varying 
degrees of admixture of the simple lime-iron pyToxene Heden- 
bergite, GaO ■ FeO • 2 Si02 (CaFe(Si 03 ) 2 ), which has a specific 
gravity of 3.5 to 3.6. The mixed crystals are dark brown or green. 

2. n oUastomte is another less abundant monoclinic pyToxene. 
It is a silicate of calcium, CaO • Si02 (CaSi 03 ), and usuallv crvstal- 
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lizes in long, white, flat prisms or tables, with a specific gravity 

of 2.9. 

3. Aanite is a yellowish sodium-iron p 5 Toxene, NaO - Fe 203 • 
4 SiOi (NaFe(Si03)2). Though rare, acmite is important in the 
study of rocks. 

4. A ugite is a chemically complex pyroxene, and the most abun¬ 
dant mineral of the group. It is a silicate of calcium, magnesium, 
and iron, with varying amounts of aluminium and ferric oxide 
in so-called solid solution according to the latest interpretation. 
No general formula can be given. Augite is black or very dark 
green, and crystallizes usually in short, stout prisms, Sp. gr. = 
3.2-3.4; H. = 5-6. 

Diallage is a variety of augite, usually green in color, and dis¬ 
tinguished by its laminated structure and peculiar luster. 

5. ^girite is a rather rare, black or dark green, sodium pyrox¬ 
ene, and is a mixture of acmite, diopside, and hedenbergite in vary¬ 
ing proportions. 

3. MOXOCLIXIC AMPHIBOLES 


The amphiboles are for the most part of more complex chemical 
composition than the pyroxenes, and their specific gravities are 
regularly less than those of the corresponding pyroxenes. 

1. Tremolite is the simple calcium-magnesium amphibole, CaO • 
3 MgO • 4 SiOj (CaMg3(Si03)4). The color is gray, white, brown, 
or nearly black, according to composition, with white or gray 
streak. It usually forms long, bladed crystals. Sp. gr. = 3. 

2. AdvioUte resembles tremolite, but contains iron as well as 
magnesium, CaO - 3(AIgFe)0 • 4 SiOo (Ca(MgFe) 3 (Si 03 ) 4 ). It is 
dark green in color, and crystallizes in long prisms. Sp. gr. - 
3-3.2, according to the proportion of iron. 

3. Hornblende is the common representative of the chemically 
complex amphiboles, corresponding to augite among the pyroxenes, 
and having similar chemical composition. In color it is usually 
black or dark green or brown. It crystallizes in prisms and has a 
hardness of 5 to 6 and a specific gravity of 3.1 to 3.3, 


IV, The Mica Group 

The micas are of such complex and variable chemical composi¬ 
tion that it is diflBcult to give formulas for them. They are alJ 
silicates of aluminium and other bases, especially potassium, mag- 



nesium, and iron, with lithium and sodium in some rare varieties. 
All the micas contain water (hydroxyl), but do not contain lime. 
When distinctly crystallized, the micas form six-sided plates or 
thick prisms which, though of hexagonal habit, are really mono¬ 
clinic. The micas possess a perfect cleavage, splitting readily into 
thin, flexible, and elastic leaves, a character which distinguishes 
them from all other common minerals. They are quite soft, and 
most of them may be scratched with the finger nail. There are 
two main sub-groups, the light-colored alkaline micas and the 
dark ferro-magnesian micas. 

1 . Muscovite is the most important and widespread of the alka¬ 
line micas, and occurs most frequently in granite and gneiss. Its 
general formula is K 2 O ■ 2 H 2 O ■ 3 AI 2 O 3 • 6 Si 02 (H 2 KAl 3 (Si 04 ) 3 ). 
Muscovite is a lustrous, silvery white mineral, generally transpar¬ 
ent and colorless in thin leaves. H = 2-2.5; Sp. gr. = 2.75-3.1. 

Other alkaline micas are the pink lithium mica, lepidolite, and 
the white sodium mica, paragon! te; but both of these are very rare. 
Sericite is a variety of muscovite which forms minute, silvery 
scales. It is an alteration product and often derived from feld¬ 
spar. 

2. Biotite is the commonest of the dark ferro-magnesian micas, 
and occurs in many granites and similar rocks. It is a highly com¬ 
plex silicate of aluminium, potassium, magnesium, and iron with 
hydroxyl. There are many varieties, but most of them contain 
more magnesium than iron. The color is black or very dark green 
or dark brown even in thin leaves. Specific gravity and hardness 
are much as in muscovite. 

V. The Olivine Group 

The minerals of this group are quite important and abundant, 
though less so than the micas. They stand in much the same rela¬ 
tion to the pyroxenes and amphiboles as the feldspathoids do to 
the feldspars. The common minerals are all of very simple chemi¬ 
cal composition, silicates of magnesium and iron, and they form an 
isomorphic series of mixtures of the two end members, forsterite, 
2 MgO • Si02 (Mg2Si04) and fayalite, 2 FeO • SiCh (Fe2Si04), analo¬ 
gous to the series of plagioclase feldspars. The mixed members 
of this series are collectively called olivine, which crystallizes in 
the orthorhombic system and forms short prisms or irregular grains. 
The specific gravity varies with the amount of iron from 3 to 4.1. 
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and the hardness from 6.5 to 7. The color ranges from yellow to 
olive green, rarely colorless, and the irregular grains look like frag¬ 
ments of bottle glass. 


VI. The Garnet Group 

The garnets are highly complex orthosilicates with a general 
formula R" 3 R''' 2 ( 8104 ) 3 . In these minerals R" may be calcium, 
magnesium, ferrous iron, or manganese; and R'" may be alu¬ 
minium, ferric iron, or chromium, though in most specimens only 
two or three of these elements are present in any considerable pro¬ 
portion. Various names are given to the different varieties, accord¬ 
ing as different members of these bases predominate. Garnets 
crj-stallize in the isometric system, and the usual forms are the 
dodecahedron (twelve-sided figure) and the trapezohedron 
(twenty-four-sided figure). Large and coarse garnets, such as are 
ordinarily found, are opaque; but the clear and brilliantly col¬ 
ored kinds are extensively used in jewelry as semi-precious stones. 
The garnets have no cleavage, and their specific gra\’ity varies 
from 3.2 to 4.3, according to composition, and the hardness is 6.5 

to 7 . 5 . 

1. Almondite, 3 FeO • AI2O3 • 3 SiOj (Fe 3 Al 2 (Si 04 ) 3 ) is the com¬ 
monest representative of the group, and is an orthosilicate of iron 
and aluminium. Transparently clear and red specimens are the 
semi-precious stone, carbuncle. Garnets are of very many colors. 
Most of them are red, but they are frequently colorless, white, 
yeUow, orange, browm or green, but blue ones are not known. 

2 Pyrope is a magnesium-aluminium orthosilicate, 3 MgO • 
AI2O3 • 3 SiO. (Mg 3 Al 2 (Si 04 ) 3 ). Clear, dark red crystals form the 

precious garnet of the jeweler. 


VII. The Epidote Group 

Epidote is a silicate of calcium and aluminium, often mth wn- 
siderable iron, and always with a Uttle water (hydroxyl). The 
crj'stals are monocUnic long prisms, with a good cleavage m one 

direction. In color the mineral is ash-^y or d^k yeUo^ 
ereen • gray when free from iron, and dark yeUowish green when 

iron is pre.sent. Sp. gr. = 3.3-3.5, a. -o-t. 

An orthorhombic calcium-alumimum epidote is zoisite, which 

is gray in color and has a specific gravity of 3.3. 



C. Other Silicates, Chiefly Alteratiox Products 

Many of the complex silicates, when exposed to the action of the 
weather or of percolating water, become more or less profoundly 
changed chemically. The change is known as alteration, and 
forms an early stage of decay. One of the commonest of these 
changes is hydration, the taking up of water into chemical union 
with the mineral; and this may be accompanied by the loss of 
soluble ingredients, or the replacement of some constituents by 
others. 

I. Talc and Chlorite Groups 

1. Chlorite. Under this name are grouped several closely aUied 
minerals of complex, uncertain composition; they are probably 
mixtures of several isomorphic types, but it is not yet definitely 
known just what those tj^ies are. The minerals are aU ortho- 
sihcates of aluminium and ferrous iron, and usually contain mag¬ 
nesium and are soft minerals, with a hardness of 1 to 1.5 and a 
specific gravity of 2.6 to 2.96. As indicated by the name, the 
color is usually some shade of green, though when magnesium is 
present it may be pink. These minerals crystaUize in the mono¬ 
clinic system with a pseudo-hexagonal symmetry, and are lami¬ 
nated, readily spUtting into thin leaves, as do the micas, from which 
they may be distinguished by the fact that the leaves, though 
flexible, are not elastic. 

The chlorites may result from the alteration or hydration of 
almost any magnesium mineral which contains aluminium, such as 
hornblende, augite, or biotite. 

2 . Talc is a hydrated magnesium metasihcate, 3 MgO • 4 Si02 • 
H 2 O (H 2 Mg 3 (Si 03 ) 4 ). The water varies in amount, and may be 
as much as 7 per cent. H = 1; Sp. gr. = 2.56-2.8. Talc is white 
or pale green in color, with a pearly luster and a greasy, soapy feel¬ 
ing to the touch. It is rarely found in well-formed crystals; but 
when they do occur, these have a false hexagonal symmetry, and it 
is doubtful whether they should be referred to the orthorhombic or 
to the monoclinic system. Usually the mineral is found in flakes 
or fohated masses, which spht into thin, non-elastic leaves. It 
results from the alteration of magnesian minerals. 

3. Serpentine is a hydrated sihcate of magnesium and iron 

3(MgFe)0 ■ 2 Si02 • 2 H 2 O (H 4 Mg 3 Si 209 ). Distinct crystals occur 
only as pseudomorphs. Sp. gr. = 2.5-2.65; H = 2.5-4. The 
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proper color is green, but it is commonly mottled with red or yellow 
by iron stains. Serpentine is usually formed by the alteration of 
oliAune, and is less commonly derived from augite or hornblende. 

4. KaoUmte, or clay, is a hydrated aluminium orthosihcate, 
.\l 2 O 3 - 2 SiO. • 2 H20(H4Al2Si209). It is usually soft and plastic, 
but orthorhombic crj^stals of pseudo-hexagonal symmetry may 
sometimes be detected with a microscope. Kaolinite is derived 
from the decomposition of the feldspars, especially of those kinds 

which are alkaline in composition. 

5. Glauconite is a hydrated silicate of iron and potassium, ^th 

small quantities of aluminium, calcium, magnesium, and sodium. 
It is soft and friable, without crystalline form, and m color is of 

various shades of green. 

IL Zeolite Group 

This group includes a large number of minerals, all of which are 
hydrated siUcates of aluminium, with calcium, or the alkahes, or 
both, and Uttle or no magnesium. They do not occur as 
minerals, but are formed by the hydration of such mmerals as the 
feldspars and feldspathoids. They are common m igneous rocks, 
in wWch thev often fill cavities by deposition from solution. 
Before the blow-pipe, they all boU and effervesce, because of the 

abundant water which they contain. 


D. C.VLCAREOrS -VND M.A-GXESI.Of MlXERAES 

1 . Calcite, calcium carbonate, CaCOs, Sp. gr. — 2.72, H 3. 

This mineral crystallizes in the hexagonal system, m a J 

of toms; rhombohedroos and scalenohedrens are 

auonal prisms and pjTamids less so. Of the three hundred thMy 
rccoKiuKd forms of this mineral, only a very few are important as 

rhomhohedron. The mineral is rapidly 

solution in nearly all natural waters; in varying degrees pun y 

calcite makes up the great mas^s of comnosition as 

2. Aragonite (CaCOs) has the same 2 93 ' 

... , X ViPAviftr and harder. Sp. gr. • > 
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H = 3.5-4 and crystallizes in the orthorhombic system. It has 
not the strongly marked cleavage of calcite and is less stable; when 
heated, it falls into tiny rhombohedrons of calcite. 

3. Gypsum, hydrated calcium sulphate, CaSO< 2 H 2 O, Sp. 
gr. = 2.31-2.33; H = 1.5-2; it crystallizes in tabular forms 
belonging to the monoclinic system, and cleaves into thin, brittle, 
and non-elastic leaves. When colorless, transparent, and crystal¬ 
line, it is called Selenite, but usually occurs in large, granular, white 
masses, which are extensively quarried or mined for Plaster of 
Paris. This is made by heating the gj^psum until the water is 
expelled. Alabaster, in the modem sense of that term, is a firm, 
very fine-grained gypsum, which is white or mottled in pale colors. 

4. Anhydrite is calcium sulphate without water, CaS 04 ; it is 
harder and heavier than gypsum (Sp. gr. = 2.9-2.98 ; H = 3-3.5) 
and crystallizes in the orthorhombic sj'stem. The crystals have 
three sets of cleavage planes which intersect one another at right 
angles. 

5. Apatite is calcium phosphate and chloride or fluoride, 
Cai(Ca(F, Cl)) (POds. Sp.gr. = 2.92-3.25; H = 5. It crj'stal- 
lizes in hexagonal prisms, capped by hexagonal pjTamids, and 
also occurs massive. Apatite is sometimes transparent and color¬ 
less, but is more commonly opaque browm or green ; it is soluble 
in acids and in water containing carbon dio.xide or ammonia. 

6 . Fluorite, calcium fluoride, CaF., Sp. gr. = 3.01-3.25; 
H = 4; crystallizes in the isometric system, usually in cubes, and 
has a perfect octahedral cleavage. Fluorite, when pure, is either 
transparent and colorless or forms beautiful crj'stals of blue, green, 
yellow, or brown. Common name is fluor spar. 

7. Dolomite, calcium and magnesium carbonate, (CaMg)C 03 , 
resembles calcite in appearance and crystallizes in rhombohedrons 
which often have curved faces. Sp. gr. = 2.8-2.9; H = 3.5-4. 
Dolomite may be readily distinguished from calcite by the fact 
that cold, dilute acids have but little effect upon it. 

8 . Magnesite, magnesium carbonate, MgCOj, crystallizes in the 
hexagonal system, but crystals are rare and the mineral usually 
occius in white or gray masses. 

ORE MINERALS 

Of the six metals listed on page 21 as forming considerable pro¬ 
portions of the earth’s crust, only two, aluminium and iron, are 
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ensively made use of in the metalhc state, and th^ oonqtonnds 
both rock-fonning and ore-forming minersds. So very great 
he economic importance of the metals that Chapter XX tll is 
foted to a description of ore deposits, and some account of the 
n winner minerals of which the ore-bodies are composed is re- 
red. The ore minerals are of two dases, primary and seoond- 
The first are those originally depoated, and these are mostly 
iple compounds, oxides and sulphides. The secondary dass 
those which have been chemically changed dnce their first 
lodtion, sometimes dissolved and redepoated, and these, beddes 
ondary sulphides and native metals, are mostly hydrates and 
bonates, formed by the action of water and CO*. 


A. Oxides 


1. HaematUe, or Specular Iron, is ferric onde, Fe^*, Sp. 
4.5--5.3; H = 6.5. It crystalUaes in rhombohedrons, but is 

lally found iq nodular masses. The color is black, sted-gray, 

red, and is always red in fine powder. 

2. Limoniie, or Brown Hsematite, a hydroxide of iron, esisfs in 
my vMieties, according to the proportion of combined water, 
le varieties are colloids and have no constant composition except 
^kUe, FeO(OH), which crystallixes in the orthorhombic system, 
lese are an secondary minerals, due to weathering, and oftai 
posited from a solution of ferrous carbonate or foimfid firom the 

idation and hydration of iron sulphides. 

3. Magnetite is the black oxide of iron, FejO* or Fe(FeOs)*, 
gr. = 4.9-n5.2 ; H = 5.5-6.5. Crystals are isometnc, usuany 

ta hoiiwiTiH, sometimes dodecahedrons. The mineral is stow^y 
agnetic, forming the natural lodestone, from which magnetfam 
IS first discovered; it is black m color with a blnish-blaek metal- 
I luster in reflected light. Magnetite is very widety diffiised 
nong igneous rodks, and some important ore-depoaits are s^je- 
kted from magmas, espedany of the more basic kmd& also 

«ur8 in veins and beds, a valuable source of the ^pty 5^ 
4 Ilmenite is an oxide of iron and titamum, Fe*^ 
B gr = 4.5-6.2; H = 5-6. Rhombohedral, when crystals, 

It is lisuany massive. Titaniferous iron ores are much rnore ^ 

« ^Me te «et«e p»nK«». » »«htag - * 
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5. Chromite, iron and chromium oxide, FeCr 204 , crystallizes 
in octahedrons, or is massive. Sp. gr. = 4.32-4.57; H = 5.5. 
The mineral is gray or black in color and usually has a metallic 
luster. It occurs in association with ultrabasic igneous rocks, 
such as peridotite, and is found in astonishing quantities in South 
Africa. The metal chromium, which is much hke nickel in char¬ 
acter and uses, is all derived from this ore. 

6 . Cassiterite, dioxide of tin, Sn 02 , crystallizes in the tetragonal 
system, as short prisms terminated by pyramids. Sp. gr. = 
6.8-7.1; H = 6.7. The color is dark, gray to black, and lus¬ 
trous. This, almost the only important ore of tin, is found in 
granite and especially in pegmatite. 

7. Franklinite, oxide of iron, manganese, and zinc 
(FeMnZn)(FeMn )2 • O 4 . Crystals of isometric system, commonly 
octahedrons. Sp. gr. = 5.07-5.28; H = 5.5-6.5. In northern 
New Jersey, at Frankhn Furnace and Stirhng Hill, franklinite is 
an important source of zinc, but is not known elsewhere in com¬ 
mercial quantities. 

8 . Pyrolusite, or manganese dioxide, Mn 02 , is amorphous and is 
found as massive or fibrous deposits. The mineral is secondary 
and is concentrated in solutions from the decomposition of silicates 
which carry the metal. 

9. Bauxite, hydrated aluminium oxide, AI2O3 2 H2O, is Uke- 
wise a secondary mineral, derived from the decomposition of sili¬ 
cates, especially of feldspars. It is amorphous, without crystal- 
fine form, and occurs in extensive, clay-like deposits, and, unless 
stained yellow or red by iron, is white or gray. Sp. gr. = 2.4-2.55; 
H = 1-3. At present bauxite is the only ore used for smelting 
aluminium, as extraction from clay is much too diflScult and costly 
for commercial purposes. 

10. Cuprite, red cuprous oxide, CU 2 O, forms isometric crystals, 
octahedrons, dodecahedrons, or cub^. Sp. gr. = 5.85-6.15; 

H = 3.5-4. Cuprite occurs in massive and granular as well as 
crystallized form, is a regular accompaniment of copper deposits, 

and an important ore; it is derived from the oxidation of copper 
sulphides and is therefore secondary. 

11 . Zincite, ZnO, is a secondary zinc oxide; only at Franklin 
and Stirling Hill, New Jersey, is it found in commercial quantities. 
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B. Sulphides 




Most sulphides are primary and form the most productaro^^ 
f copper, lead, zinc, and mercury; some sQver is obtamed from 
lie sulphide and the iron-sulphur compounds are very import^t 
conomically, but not as a source of the metal. Many of the valu- 
hle ores are compounds of sulphur with two or more metals. 

1. ArgerOite, or silver sulphide, AgiS, occurs in octal 

(ther crystal forms of the isometric system. Sp. gr. = i . 

j = 2-2 5 Its color is dark gray with metalhc luster. 

2. Galena is lead sulphide, PbS; crystallizes in ihe isometec 
TTstem usually in cubes or in combinations of cube and oct^e- 
Sn. Sp. gr = 7.4-7.6; H = 2.5-2.75. Galena is the prma^ 
»urce of lead and is isomorphous with argpntite, thus very fte- 
mently containing sdver. A considerable share of the annual 
oniduction of silver is derived from the smelting of lea^res. 

3 SphaJeriie, a sulphide of zinc, ZnS, is the principal ^of zmcj 

its complex, combination crystals are of the »^“etoc 

its color, white when pure, is generally 

tures of iron or manganese. Sp. gr. - 3-9-4.1, " . ■ ' 

4 Cinnabar, the only ore of mercury, 18 the sulphide, It 

is a very heavy, usually massive, red to ruddy-too^ 
cinnabar is vermilion to scarlet in color. Sp. gr. - 

5 Chakodie, cuprous sulphide, CuS, is a second^ sdphi^ 

crystals are of the orthorhombic system. Sp. gr. - 5.5-6.8, 

or Iron Pyrites, is a bisulphide of iron, FeS». Sp. 
= 4*^*2 • H = 6 5. Crystallizes in the isometric system, 

^ i. ve., widely “ 

er White Iron Pyntes, has the same oomposi 
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pyrite, FeS 2 , but crystallizes in modified prisms of the orthorhom¬ 
bic system, and more commonly occurs in nodular masses with a 
radial structure. It has the same hardness as pyrite, but is not 
quite so heavy. Sp. gr. = 4.68-4.85. Its color is paler than that 
of pjrrite, but may be black. It decomposes readily and after a 
few months' exposure, indoors, often crumbles to a whitish pow¬ 
der. 

8 . Pyrrhotiie^ magnetic sulphide of iron; formula usually given 
is Fe„S„+i, commonly FeiiSi 2 , but varies from FesSe to FeuSn. The 
mineral is massive; when crystals occur, which is seldom, they are 
tabular and six-sided, belonging to the hexagonal system. Color 
is a bronze yellow. Sp. gr. = 4.58^.64; H = 3.5-^.5. 

9. Pentiandite. Nickel is present in pyrrhotite in varying quan¬ 
tities, and pentlandite is the name given when the proportion ol 
nickel is 6 per cent or more. 


10. Chatcopyriie, or Copper Pyrites, CuFeSa, appearance brassy. 


like pyrite, but crystallizes in the tetragonal system. Sp. gr. = 


4.1-4.3; H = 3.5-4. This is one of the most abundant of copper 


ores. 


11. Bomite is also a sulphide of copper and iron, but in different 
proportions, Cu^FeSs, the greater percentage of copper giving the 
mineral a metallic, copper-red appearance. The very rare crystals 
are of the isometric system. Sp. gr. = 4.9-5.4; H = 3. Chal- 
cop 3 rrite, chalcosite, and bomite, all sulphides, are the mcst impor¬ 
tant ores of the metal. 

12 . Sianniie is the sulphide of copper, iron, and tin, Cu 2 FeSnS 4 ; 
when crystalline, it is of the tetragonal system. Sp. gr. = 4.3- 
4.52; H = 4. The mineral is an ore of tin, but is rather uncom¬ 
mon and, therefore, of secondary importance. 


C. Carbonates 

Carbonate ores are nearly all secondary and due to weathering 

of the oxides and sulphides, but siderite is often syngenetic in 
sedimentary rocks. 

1 . Siderite is ferrous carbonate, FeCOs. Sp. gr. =3.7-3.9; 
H 3.5—4.5. Crystallizes in rhombohedrons, which often have 
strongly curved faces. When fresh, the color is gray or brown. 
It is but slightly attacked by cold acids, but hot acids dissolve it 
with effervescence. Siderite is a valuable ore, especially when 
mixed with clay, when it is called clay iron-stone. 
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2. MdUuJiUe, the basic carbonate* of copper, (GuOH)*CO*i 
Bcuis in nodul^ masses of a beautiful green color; the rare crystals 

re monoclinic. Sp. gr. = 3.9-4; H = 3.5-4. 

3. Azurite is alM a copper carbonate, Cu(OH)s • 2 (GuGOa), 
f a deep blue color; the monoclinic crystals are less rare than 
tose of malachite. Sp. gr. = 3.77-3.84; H = 3.5-4. 

4. Cerussite is lead carbonate, PbCO*; crystallizes in the ortho- 
hombic system, in tabular, prismatic, or pyramidal forms. Sp- 

= 6.46; H = 3-3.5. Color gray, yellow, or white. Cerus- 
ite is produced by the weathering of galena and is an important 

ire. 

5. Smithsonite is the secondary carbonate of zinc, ZnCOs, vdiieh 

orms in zinc deposits by weathering of the sulphides. It occurs 
n which are white when pure, but are often stained yellow, 

trown, or green. Crystals hexagonal. Sp. gr. = 4.3-4.45; H =5. 

D. SlUCATES 

The only silicate ores of economic importance are those of sSric. 

1. WiUemite is a silicate of zinc, Zn^iO*, which is comitfe^ 
dally important only at Franklin, New Jersey, that hi^y 

iMe ore-body. It is usually massive and green, yellow, 

>r red 4n color. Crystals, when formed, are hexagpnal.^ 

DP. — 3.89 j H — 5.5. "t"' 

2. Calamine is hydrated zinc dlicate, ZniSi 04 • H*0, foritteff ly 

weathering. Crystals xrrthorhombic. Sp.gr.=3.4r^.5; H:==4.^. ^ 

'-'4 
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CHAPTER III 
THE IGNEOUS ROCKS 

The igneous rocks are those which have solidified from a state 
of fusion; they are of subterranean origin and have either forced 
their way upward to the surface or have cooled and solidified at 
various depths beneath it. The term igneous, from the Latin 
ignis, fire, is a misnomer, for there is no fire involved; it should 
be understood to mean high temperature. Although it is extremely 
probable that the rocks of this class were the first to be formed on 
the earth, it does not follow that all igneous rocks must be geo¬ 
logically ancient. On the contrary, they have been formed, in the 
sense of consolidated, throughout the recorded history of the earth 
and, as volcanoes demonstrate, are forming now. They are thus 
the primary rocks and aU the others have been derived from them, 
directly or indirectly. The sedimentary rocks were formed, at 
least initially, out of the material derived from the chemical de¬ 
composition or mechanical disintegration of the igneous rocks. 

The igneous rocks are massive, as distinguished from strati¬ 
fied, though they may occasionally display a deceptive appearance 
of stratification, due sometimes to the piling of lava flows upon 
one another, or to platy jointing or to flow structure. Like all 
other consolidated rocks, those of the igneous cla.ss are divided 
by joints into blocks of great variety of size, shape, and regularity. 
In some rare instances the joint-blocks are plate-like or slab-like, 
and so imitate stratification, but the deception may easily be 
understood. The term massive is often employed as a synonym 
of igneous or unstratified. 

Magma, derived from the Greek fidy/m, or dough, is the name 
given to an igneous mass while stUl in a molten or fused condition. 
From theoretical considerations, it may be inferred that a magma 
which is solid from pressure may be potentially liquid and become 
fused by release of pressure, without increment of temperature, 
but, of course, no one ever saw maerraa in anv such conditinn 
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There are characteristic differences between those igneous 
masses which have cooled and solidified deep within the earth, 
and, therefore, with extreme slowness, and those which have 
solidified at or very near the surface. The former are called 
plutonic (or abyssal, or intrusive) and the latter volcanic (or 
extrusive); between the two kinds every transition may be found 
and the term hypabyssal is employed for masses cooled at moderate 
depths and intermediate in character between the tj^jically plu¬ 
tonic and the volcanic. Plutonic bodies often Occur at the surface 



Pjq I _ Obadian. nearly natural size, showing glassy luster and fracture. 


of the ground, but that is because the overlying cover of rocks 
has been stripped away by denudation. Often it may be demon¬ 
strated that thousands of feet of overlying strata have been re¬ 
moved in this manner to expose the plutonic mass. 

Texture. The texture of an igneous rock is the term empbyed 
to indicate the shape, relative size, and mode of aggregation of 
the constituent mineral particles and is a ver>' important^ m^ 
of determining the conditions under which the rock was sohdified. 
It registers so accurately the circumstances of soUdification, 
rate of cooling, pressure, relative content of gases and vapors, et^. 
that all the varieties shade into one another by unperoepuW 
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gradations and form a continuous series. Nevertheless, it is 
necessary to distinguish and name the more significant kinds of 
texture, which are five in number, with several minor varieties. 

1 . Glassy. Here the rock is a glass, or slag, without distinct 
minerals in it, though the incipient stages of crystallization, such 
as minute globules and hair-like rods, are often to be seen with the 
microscope. 

2. Compact or Felsitic texture is characterized by the formation 
of exceedingly minute crystals, too small to be identified by the 



2- — Porphyry, nearly natural size, showing phenocrysts of feldspar. 


naked eye, which give the rock a “matt,'* stony appearance, 
without the luster of the volcanic glasses. If the crystals are too 
minute for minerals to be identified even with the aid of the 
microscope, the rock is said to be cryptocrystalline^ but if they are 
identifiable microscopically, the rock is called niicrocrystalline. 

3. Porphyritic. In rocks of this texture are large, isolated 
crystals, called phenocrysts^ scattered through a ground maas, 
which may be a glass, or composed of minute crystals ; the pheno¬ 
crysts may have sharp edges and well-formed faces, or they may 
be corroded and somewhat irregular. This texture indicates two 
phases of crystallization; first, the formation of the phenocrysts, 
svhich remain suspended in the magma and are often corroded. 
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or partially redissolved, or resorbed by it. These crystals in 
lavas are said to be of intratelluric origin, because formed before 
extnision of the magma, and several active volcanoes of the 
present-day shower out large, well-formed crystals. Stromboli, 
for example, yields numerous crystals of augite. There is, however, 
reason to believe that sometimes the phenocrysts are not formed 
until after the extrusion of the containing lava. The second 
phase of {wrphyritic solidification consists in the formation of the 
ground mass, which may be glassy or finely crystalline, or both. 
Mineral particles which have a distinct crj^talline form are said 

to be idiomorphic. 

4. Granitoid. In this texture, the rock is completely crystal¬ 
line, without ground-mass or interstitial paste. The grains of 
the rock, which may be quite fine or very coarse, are of quite 
uniform si 2 se, and as the crystals have interfered with one another 
in the process of formation, they have rarely acqi^d their proper 
crystalline shape. Such irregular grains are said to be allotrio- 

morphic. 

Another classification of textures which is now widely used is 


as follows: , , i.-x * 

I. Phaneritic, or Grained, Rocks. In this class the constituent 

mineral particles are so distinct that they may be recognized by 
the unaided eye, or with the help of a hand-lens. The cl^ 
includes the uniform, even-grained rocks, such as granite, and the 

porphjTies and pegmatites. 

II. Aphayiiiic rocks are stony and dull, not lustrous, m appear- 
ance but the mineral particles are too minute to be seen except 
with the microscope. This class is the equivalent of the compact 

or felsitic texture in the other scheme. 

III. Glassy rocks have already been defined. 

It will be obser^^ed that the difference between these two methods 
of classification are in the terms; the underl>mg conceptions are 


the same in both plans. 

The glassy and compact textures are characteristic of lavas, 
such as are poured out on the surface of the ground, vo came 
rocks, in short. The plutonic rocks have no glass, except wme- 
times, when the surface of a plutonic body has l^n sudde^y 
chilled by contact with the country rock. In such a ^h 

nlntoL texture is the granitoid, but porphyries occur in 
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both classes, and then the difference is in the ground mass, the 
phenocrysts being much alike in both. In a porphyritic lava the 
ground mass is glassy or very finely crystalline, while in a plutonic 
porphyry it is entirely, and more coarsely, crystalline. The 
hypabyssal rocks, which are intermediate between the volcanic 
and the plutonic rocks in position, are also intermediate in texture. 

The structure of an igneous rock means the arrangement of its 
elements. Thus, in a granite, for example, the mineral constitu¬ 
ents are irregularly arranged, with no segregation of any of them, 
and the structure is said to be mixed. In a gneissic granite, on 
the other hand, the rock is plainly banded, the dark mineral, 
hornblende, or mica, being arranged in parallel plates. This is 
called flow-structure. Another type of structure is that produced 
by the quantity and arrangement of the bubble holes caused by 
the volatile constituents, the gases, and vapors of the magma. 
When the solidifying mass is made frothy by these bubbles, the 
structure is said to be pumiceous or scoriaceous. Pumice is a glass, 
so frothy that it floats, until water penetrates the cavities and the 
mass becomes water-logged and sinks. The surface of a lava- 
flow is covered with cindery, slaggy pieces, too heavy to float and 
yet surprisingly light and as porous as bread. These structures 
are found only in volcanic rocks and can be formed only at atmos¬ 
pheric pressures. The vesicular structure has the bubbles in much 
smaller quantity and of more or less ovoidal shape, owing to the 
slow movement of the lava, which has elongated the spherical 
holes into almond-shaped cavities. Often the cavities are filled 
with minerals, most commonly zeolites, which are deposited from 
solution in percolating waters. The structure is then said to be 
amygdaloid, from the Greek word for almond. 

Pumiceous and scoriaceous structures are exclusively volcanic. 
Vesicular structure is characteristic of the deeper part of lava- 
flows, often ceasing abruptly at a certain plane, which marks the 
level at which the volatile substances all escapjed, while the lava 
was still too completely fluid to retain gas cavities. Some hyp- 
abyssal rocks show vesicles, and a comparable structure, called 
miarolitic, occurs often in granites. The term, taken from an 
Italian name, miarolo, for the Baveno granite, applies to small holes 
due to contraction in crystallization, in which mineralizers gather 
and perhaps enlarge the holes, depositing well-formed crystals in 
the cavities, of the same minerals as in the body of the rock. 
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The fragmental structure is caused by explosions of vapors 
and gases within a volcano, which hurl fragments of the magma 
into the air and often to the height of several miles. The 
fragments are of all possible sizes, from great blocks weighing 
many tons down to the most impalpable dust. Volcanic aeh, so 
called from its appearance, is made up of minute fragments of glass, 
cr>"stals, and lava, and is transported by strong winds for hun¬ 
dreds of miles and deposited, often in a state of remarkable purity. 
The fragmental textures are entirely volcanic and yet the rocks 
are not exactly igneous, for the finer materials, transported and 
deposited by wind or water, mingled in all prop>ortions with ordi¬ 
nary sedimentar}" material, make rocks of which the material is 
more or less igneous, the mode of formation sedimentary. Hence, 
they are called pyroclastic rocks, which is a Greek form of the 
Latin igneo-fragmeritaL 

Consolidation, The solidification of magma into rock is an 
extremely comphcated process which is by no means thoroughly 
understood, and concerning which, therefore, there is much dif¬ 
ference of opinion among petrologists. It is generally agreed that 
a thoroughly fused magma is not made up of dissociated oxides, 
but is a mixture of silicate compounds and others in mutual solu¬ 
tion. The glassy rocks, which have solidified (so far as they can 
be called solid) so rapidly that cr>'stallization could not begin, 
give a true picture of the magma, so far as composition is con¬ 
cerned, minus the gases and vapors, which mostly escaped in 
solidification. Some pitchstones and obsidians, however, contain 
as much as 10 per cent of water, while crj^stalline rocks rarely have 
more than 1 or 2 per cent. The range of mineral composition is 
much less in the glasses than in the crystalline aggregates, and 
some whole classes of crj^stalline rocks, such as the ultrabasic 

group, have no glassy representatives. 

From these facts it may be inferred that many new rocks are 
generated in the course of consolidation of the igneous magmas 
and that the result will differ in accordance with the rate of crystal¬ 
lization, as well as according to the original composition of the 
magma. When the constituents of the magma are present in such 
proportions as to produce the lowest melting point, the mixture 
is said to be eutectic, and in a eutectic magma the various com¬ 
ponent minerals crj'^stallize simultaneously, leaving the residual 
liauid of constant composition. In a non-eutectic magma crys- 
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tallization does not take place in the inverse order of fusibility, 
as might be expected, but in that of solubihty in proportion to the 
amount present, as the point of saturation is successively reached. 
As various minerals are cr>"stalhzed out, the remaining liquid is 
changed in composition and may attack and more or less com¬ 
pletely dissolve some of the ciy^stals. In many porph\Ties the 
large phenocrj^'sts of feldspar show the corroding effects of this 
resorhiiig action, and thus the series may be repeated on a smaller 
scale. Usually the order of cr>'stallization in a cooling magma 
tends to be as follows: First to form are apatite and the metallic 
oxides (magnetite, ilmenite, titanite, zircon) and sulphides (p\Tite). 
Then follow the ferro-magnesian silicates, oli^dne, the p>Toxenes 
and hornblende; after these the feldspars and feldspathoids 
(leucite and nepheline); and, finally, if excess of silica remains, 
quartz is formed. Minerals of the second generation are much 
smaller than the phenocr^^sts and belong to the ground-mass. 
Generali}', however, two or more of the major minerals are thought, 
in considerable part, to have crj'stallized simultaneously. 

As a final stage in crystallization is formed pegmatite, which is 
commonly granitic in composition, but may be a derivative of 
other plutonic rocks. It forms veins and dykes, cutting through 
the plutonic body and the neighboring country rock or as a more 
or less continuous fringe or selvage around its margins. The 
crj'stals in pegmatite are very large, sometimes gigantic, as in the 
beryl crystals of the Maine pegmatites, which have been found as 
much as 12 feet in length and many tons in weight, or the even 
more enormous crystals of spodumene (LiAl(Si 03 ) 2 ) in the peg¬ 
matites of the Black Hills, South Dakota, which attain a length 
of 30 feet. The “mother liquor” consists of water and the other 
volatile constituents of the magma which have been ejected by the 
act of crystallization, and is at a comparatively low temperature. 

“The magma or solution from which the pegmatites crj'stal- 
lized was igneous, in that it was the residual part of a granitic 
or syenitic or other igneous magma, of which the greater part had 
already crystallized under plutonic conditions. It was aqueous, 
inasmuch as it contained, perhaps very richly, magmatic water, 
concentrated (with other constituents) in the residual magma 
by continued ciy^stallization of anhydrous minerals.” (Barker.) 

D'ifferentiation. The most fundamental problem in the study 
of igneoqs-ix?,cli;s. is* to explain the great-variety .and divers ity of 
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such rocks as are actually" found. The explanations offered by 
various petrologists agree, for the most part, in one most important 
respect. ‘Tn general, they aim at pro\iding some phj'sical expla¬ 
nation of the derivation of diverse rocks from one parent magma.'’ 
(Harker.) '‘There are two orders of facts to be explained: 
firstly, the differences between rocks constituting distinct intru¬ 
sions (or extrusions^ but giving e^idence of derivation, more or 
less direct or remote from a common source; and, secondlv, 

7 ^ J 

variation between different parts of a single rock-bodj’, presumed 
to have been intruded as a homogenous magma.’' 

“The concept of differentiation is thus an h^^thesis proposed 
to explain various rock associations. The only rival h 3 ’pothesis 
ever proposed was the doctrine of the mixing of two fundamental 
magmas (basaltic and rhj'olitic ', but this has been found to fail 
so completeh’ that the concept of differentiation has come to be 
regarded as a fact as well established as the obser\'ed rock asso¬ 
ciations themselves.” (Bowen.) 

“When large areas of eruptive rocks are carefully' investigated, 
it is found that there is a perfect and gradual transition of 
one kind into another — all intermediate varieties existing.” 
(Iddings.) 

While there is thus a general agreement among petrologists 
as to the derivation of all varieties of igneous rocks from a single 
parent magma by differentiation, there is less complete unanimitj" 
as to the manner in which the differentiation has been brought 
about. The preponderance of opinion, however, is that the ef¬ 
fect is produced mainly bj' fractional crystallization, the means 
bj" which the chemist separates the different substances in a 
complex solution. Other agencies, such as diastrophic move¬ 
ments, may* contribute to the same result. At one stage of cry*s- 


taliization, for example, the crystals may* form a continuous net¬ 
work, in the interstices of which the residual magma is contained, 
much like water in a sponge. Diastrophic compression may 
then squeeze out this fltiid and drain it away*. Crystallization 
itself expels most or all of the water and other volatile constituents 
of the magma, and these expelled vapors and gases are now 
believed to play a very important part in volcanic eruptions. 

Assimilation is the name given to the melting or remelting of 
solid rocks and to other processes by which they are incorporated 
in the magma. Much difference of opinion prevails among petrol- 
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ogists as to the reality and importance of this process in the genesis 
of rock varieties. That assimilation does occur seems to be cer¬ 
tain, and the remelting of solidified lava by hot gases has been 
observed on Vesuvius (Ferret), but most petrologists, at present, 
are of the opinion that assimilation is comparatively unimpor¬ 
tant. After a careful analysis of the subject, Bowen wTites: 
“Magmas may incorporate considerable quantities of foreign in¬ 
clusions . . . and such action may have been important in con¬ 
nection with the production of certain indi\idual masses.” 

Petrographic Provinces. It has long been a matter of observa¬ 
tion that the rocks of a given region, which have been intruded, 
or extruded, at a given geological period, tend to have certain 
similarities in mineral or chemical composition, however great 
their diversities. These similarities distinguish them from the 
rocks of other regions, each of which is, in turn, characterized by 
its own simUarities. Such a region is caUed a petrographic prov¬ 
ince, but time is equally important, for, at subsequent geological 
periods, entirely different boundaries may demarcate the region, 
and the same volcanic vent may send forth entirely different 
lavas at successive periods. In the Palaeozoic Era, New England 
and eastern Canada formed one proxdnce; but in the Mesozoic, 
New England was part of a proAunce that extended southwestward 

into North Carolina. 

Classification. Inasmuch as the igneous rocks pass into one 
another by imperceptible gradations and the same magma may 
give rise by differentiation to many varieties, classification, 
though necessary, is somewhat arbitrary. “To provide a satis¬ 
factory classification of the igneous rocks ... is one of the most 
difficult problems the petrologist has to deal with. The various 
rock-types are so intimately related, and there are so many factors 
to be taken into account, that any rigid and systematic arrange¬ 
ment is at present impossible.” Despite the difficulty, there is 
general agreement and the classification is made according to 
several different criteria, none of which is entirely satisfactory. 
Chemical and mineralogical composition are commonly used in 
making the major divisions, which are subdivided according to 
texture and structure. The names given to the groups, such as 
“series,” “families,” etc., are differently used by different writers, 
but the underlying conception cr genetic derivation of one from 
another is common to most of the schemes of classification. From 
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the chemical standpoint, the igneous rocks are arranged in foui 
di\isions in accordance with the proportion of silica, more or less 
of which is present in all igneous rocks whatever. 

1 . Add, with more than 66 per cent Si02. 

2 . Intermediate, Si 02 = 66-52 per cent. 

3. Baeic, SiOs = 52—40 per cent. 

4. Ultrabasic, SiOo less than 40 per cent. 

Another chemical di\'ision is into 

1 . Alkaline Series, in which the dominant feldspars are of the 
potash and soda kinds. 

2. Calc-Alkaline or Subalkaline Series, in which the dominant 
feldspars are the lime-soda varieties. 

3. Monzonite Series, intermediate in composition, with both 
alkaline and calc-alkaUne feldspars. 

Each of the three series includes a number of families of rocks 
which are defined and limited by the nature of their essential 
minerals. The families, in turn, are subdivided according to the 
circumstances of their consolidation, as registered by texture. 

A very considerable number of minerals is foimd in the igneous 
rocks, but comparatively few of them in large quantity; the latter 
are the essential minerals, which characterize a given kind of rock. 
The others, or accessory minerals, may be present or absent with¬ 
out materially affecting the nature of the rock. With few excep¬ 
tions, the igneous rocks are made up of the feldspars, or feld- 
spathoids, together with one or more of the micas, p 3 Tt>xenes, 
amphiboles, oli^’ine, or quartz. The ultrabasic rocks are typi- 
call}’’ without feldspars. In addition there are small quantities 
of man^^ accessorj^ minerals among which magnetite is very 
common. 

The Add Rocks are so called because of their high proportion 
of silicic acid, or silica (SiOs), but other chemical features are 
associated with this large siliceous content. These rocks have 
but small quantities of lime, magnesia, and iron; hence, they are 
usually of low specific gravity^ and light in color and, while having 
a relatively low melting temperature, are extremely viscous when 
melted. 

The Bade Rocks are named because of the predominance of 
bases ; they have a relative!}^ low percentage of silica and are rich 
in lime, magnesia, and iron; and hence they are heavy, dark- 
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colored rocks which, when melted, become extremely fluid, though 
the melting temperature is higher than that of the acid rocks. 

The Intermediate Rocks are, in all respects, transitional between 
the acidic and basic groups, and particularly so in chemical and 

mineralogical composition. j r +1 

The Ultrabasic Rocks have a low percentage of silica and little 

or no feldspar, being made up of ferro-magnesian minerals. They 
are very infusible. 

The division of the igneous rocks into families is made in accord¬ 
ance with mineralogical composition and the subdivisions of each 
family are determined by the texture. Six famiUes (sometimes 
only five) of the igneous rocks are generally recognized, though 
some schemes of classification do not make use of the term family 

at all. 

A. Acid Rocks 
I. Granite Family 

The magma, which, on solidification, gives rise to the rocks of 
this family, is very rich in silica (65 to 80 per cent) and has from 
10 to 15 per cent of alumina; the proportion of alkalies, potassium 
and sodium, is relatively large (6 to 8 per cent), and there are small 
quantities of the oxides of iron (2 to 4 per cent), magnesium (1 to 
4 per cent), and calcium (1 to 4 per cent). The principal minerals 
are orthoclase, with smaller amounts of plagioclase, quarts, and 
some ferromagnesian mineral, either hornblende or mica ; the mica 
is more commonly black biotite; white mica, muscovite, may also 
be present, but seldom alone. Many accessory minerals are 
found in granite, but in quantities so small as not to affect the 
character of the rock. Differences of texture, due to the circum¬ 
stances of soUdification, give rise to rocks of totally different 
appearance, which, it is difficult to believe, are of similar or identical 
composition. 

1. Obsidian is a volcanic glass, which is usually black, dark 
brown, or dark green, but occasionally red, yellow, or blue. It 
breaks with a conchoidal or clamshell-Uke fracture, and is trans¬ 
lucent in thin pieces. Under the microscope, “crystallites,’' the 
incipient stages of crystaUization, are visible in great numbers. 
The name obsidian is used for the varieties of volcanic glass in 
which the quantity of water is small; it may be 1 per cent or less, 
and, for precise identification, a prefix is needed, as rhyolite obsidian, 



56 


AN INTRODUCTION TO GEOLOGY 


andesite obsidian, etc. ^Mien used without a prefix, rhyolite 
obsidian is meant, for, though variable in composition, the great 
majority of the volcanic glasses are referable to the granite family. 

2. In Perlite, the glass is di\ided by concentric cracks, like the 
coats of an onion, due to shrinkage on cooling. 

3. Piichstone is much the same as obsidian, but contains more 
water, 5 to 10 per cent, and, perhaps in consequence of that, is 
less lustrous and glassy, more resinous in appearance. 

4. Puniice is a glass which is made into an extremely light, 
frothy substance by the bubbles of steam and other vapors and 
gases; the glass w^as then so pasty and \iscous that the bubble 
holes did not collapse and the result is that, w^hen cold, the pumice 
is lighter than cork. "WTien a jet of stoam is blown through the 
molten slag from a blast furnace, material very like pumice is 
produced. 

It happens, not infrequently, that in the course of long periods 
of time the volcanic rocks become devitrified, losing whatever 
glassy texture they may have had and taking on a stony one. 
The homogeneous mass is converted into an aggregate of extremely 
minute crystals of quartz and feldspar. After de\dtrification, 
the original glassy texture is indicated only by the lines of flow, or 
by a perlitic structure, which are not affected by the change. 
The same phenomenon has been observ^ed in artificial glass, 
especially when the glass, owing to insufiScient annealing, has been 
subject to internal stress, or has long been exposed to the weather, 
as in the windows of mediseval churches. It seems very surprising 
that crystallization may take place in a solid, but it must be 
remembered that, from the point of view of physical chemistry, 
glass is not a true solid, but an extremely viscous supercooled 
liquid. 

5. Rhyolite ordinarily occurs as the lava outflow of a granitic 
magma which has been solidified quickly, yet not so rapidly 
as an obsidian. The texture is porph>Titic and the phenocrysts 
are chiefly quartz and sanidine, which is the glassy form of ortho- 
clase. The ferro-magnesian minerals are present in very much 


smaller quantities and, of these, the commonest is biotite. The 
phenocrysts are embedded in a ground mass of minute feldspar 
crystals and a varying proportion of glass. Other names for 


rhyolite are liparite (from the Lipari Islands) and quartz trachyte. 


Allied to the rhyolites are the Felsites, which are very dense, fine- 
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grained and light-colored rocks, from which phenocrj^sts are absent, 
or scanty, gi\’ing a compact texture. The felsites have been 
formed in several different ways, by the devitrification of obsidian 
and rhyolite, by the recrystallization of rhyolite tuffs and by 
original cooling from fusion. 

6. Quarts Porphyry shades imperceptibly into rhyolite, or fel- 
site, on the one hand, and into granite, on the other; it is made up 
of a ground mass of cr>’’stals of orthoclase and quartz, in which 
phenocrysts of quartz or quartz and orthoclase are embedded. 
If the phenocr>"sts are very abundant or the ground mass rather 
coarse grained, the rock is said to be a granite porphyry or por- 
phyritic granite. 

7. Granite. The granites are thoroughly crystalline rocks, of 
tj'pically granitoid texture, to which they have giv'en the name; 
the texture varies from fine to very coarse and the mineral grains 
are thoroughly mixed and evenly distributed, but they do not 
display their proper crystalline form. This is due to the manner 
in which the minerals interfere with one another in the process 
of crystallization. The characteristic minerals are orthoclase, 
some acid plagioclase, quartz, muscovite, biotite, and hornblende; 
magnetite and apatite are always present, but in small quantities. 
The variations in granite affect chiefly the ferro-magnesian min¬ 
erals. Thus, we find rniiscovite granite^ with white mica, exclu¬ 
sively or principally; granititey with biotite only; hornbleruie 
granite, with hornblende replacing the mica, or in addition to 
biotite; and occasionally augite granite, with augite and biotite. 

When none of the ferro-magnesian minerals is present, the rock 
is called a binary granite, or Aplite; if the percentage of sodium 
compounds is relativ'^ely high, soda granites result. 

The color of a granite is dark or light, in accordance with the 
proportion of dark silicates present, and ranges from a green, so 
dark as to be nearly black, to almost white. The tints of the feld¬ 
spars determine whether the granite shall be red, pink, or w'hite; 
often the orthoclase is red and the plagioclase a very pale green 
to white. 


8. Pegmatite (or giant granite). These very pecuhar rocks occur 
as dykes and veins cutting through the plutonic body from which 
they were derived, or as marginal segments of those bodies, or as 
intrusions in the inclosing country rock. In composition, they 
are largely made up of the minerals which constitute the oarent 
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rock, but many of the ciystals are of great size and very perfect 
in form. Feldspar and quartz ciy'stals from a foot to several 
feet in length, apatite cr^'stals a j^ard long, and mica plates several 
feet in diameter, are not rare. In addition, pegmatites contain 
a great number of accessory minerals which are present either in 
minute quantity or not at all in the parent body. Some of these 
are compounds of the usual oxides, or metals, such as alumina, 
lime, magnesia, iron, soda, etc., with the volatile constituents 
of the magma which are the mineralizing vapors. Tourmaline 
requires boric acid, fluorite and topaz contain fluorine, and many 
of the minerals ie.g,, musco^ite) form in the presence of water. 
Others of these accessor^’ minerals are compounds of the rare 
metals ; lithium, beiy'Uium, molybdenum, etc., and sometimes the 
ciy^stals attain gigantic size. The beautiful pink lithia mica, 
lepxdolite, is frequent in {pegmatites. As pre\nously mentioned 
(p. 51), gigantic ciy’stals of spodumene have been found in pegma¬ 
tites of the Black Hills, S. D., and of beiyd in those of Maine and 
New Hampshire. The latter are a valuable source of the metal 
beryllium, which has lately become important as an alloy of steel. 
In the Maine {pegmatites, {pockets containing gem minerals have 
rejpeatedl}' been found. 

11 . Syeni te Fa ;/i ily 

In thus family the magma is much the same as that of the gran¬ 
ites, except for a smaller {percentage of silica (50 to 65 {per cent); 
the silica is almost or entirely taken up in the formation of silicates 
and little or none remains to form quartz, making orthoclase the 
chief min eral. The division into two families is not sharp, many 
transitional rocks connecting them. 

1. Syenite Obsidian cannot be distinguished from that of the 
granite group, except by chemical analj'sis, but it is very much 
less common. 

2. Trachyte is a lava, more or less {porphyritic, consisting of 
phenocrj’sts of sanidine, with ground mass of minute felds{par 
crystals, and little or no glass. More or less biotite, amphibole, or 
pyroxene is present, in accordance with whiich are distinguished the 
varieties mica, amphibole, or pyroxene trachyte. In North America 
the trachytes are very much less abundant than the rhyolites. 

3. Phonolite differs from trach>de in its higher {percentage of 
soda and in the presence of the feldspathoids nepheline or leucite, 
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or both. The name is derived from the ringing, metallic sound 
which thin plates of the rock give out when struck with a hammer. 
Phonolites are rare rocks and in this country the Black Hills 
region of South Dakota is the best known locality for them. The 
famous Mato Tepee, or Bear Lodge (Fig. 18), is an example, 

4. Syenite is a thoroughly crystalline rock, which is very like 
granite in appearance, but has very little or no quartz. The 
name is derived from Syene in Egypt, where so much of the 
ancient granite was quarried and was originally given to the rock 
now called homblendic granite. Typically, syenite is composed 
of orthoclase and hornblende, with plagioclase, apatite, and mag¬ 
netite as accessories. 

5. Mica syenite has biotite instead of hornblende and in augite 
syenite hornblende is replaced by augite. 

6. Nepheline syenite is characterized by the presence of nephe- 
line and bears the same relation to phonolite as ordinary syenite 
does to trachyte, being the granitoid crystallization of the same 
magma. 

B. Intermediate Rocks 
III. Monzonite Family 

A considerable number of rocks are included in the monzonite 
series and family, but many are so rare that no mention need be 
made here of more than two or three. The importance of the 
group lies in its completely transitional character between the 
orthoclase and the plagioclase rocks, or, in other words, between 
the alkaline and calc- alkalin e series. 

1. Monzonite is named from the locality Monzoni in the Tyrol. 
“The really characteristic feature of these rocks is that, as a 
rule, they carry orthoclase and plagioclase in about equal propor¬ 
tions.” (Brogger, cited by Hatch.) “The suggestion made by 
Lindgren is adopted here, namely, that rocks having alkali feldspar 
to the extent of more than two thirds of the total feldspar are 
classed with the syenites, and those with less than one third with 
the diorites. Consequently, the monzonites embrace all those 
intermediate plutonic rocks in which the ratio of alkali-feldspar 
to soda-lime feldspar is less than two thirds and more than one 
third.” The monzonites occur in two series, with and without 
quartz. 







C. Basic Rocks 
V, Gabbro Family 

In the magmas of this series the percentage of silica is much 
less than in the preceding groups (55 to 40 per cent) and the quan¬ 
tity of the alkalies is small, while that of iron, magnesia, and lime 
is much greater. The principal minerals are a plagioclase feld¬ 
spar rich in lime (labradorite or anorthite), some kind of pjTOxene, 
magnetite, and frequently oli\dne; there is a wide range of mineral 
composition. Though having a higher melting p)oint than the 
granites, the basaltic magma is far less viscous and may be as 

fluid as honey. 

1. Tachylyte is basaltic glass, black and opaque because of 
finely disseminated particles of magnetite, and occurs as a selvage 
on basalt or in dykes. Hydration converts it into a yellowish or 
greenish mass called Palagonite. Surface flows of tachylyte are 
much rarer than rhyolite obsidian, but thej^ are foimd among the 
lavas of the Hawaiian Islands. 

2. Basalt is a name of wide apphcation which covers many 
varieties. The basalts are verj^ common volcanic rocks and ba¬ 
saltic lavas are extruded from most of the volcanoes now active; 
they are yielded by deep-sea volcanoes and oceanic islands, where 
granites are unknown. Usually the basalts are porphjTitic, but 
may consist of a finely crystalline mass without phenocrj^sts. 
When porphyritic, the ground mass is made up of minute crystals 
mingled with a dark glass. 

The basalts are closely related to the andesites and connected 
with them by transitional forms, but in the porphjTitic andesites 
the phenocrysts are principally feldspars, but not in the basalts. 
Those varieties which contain olivine in notable quantities are 
called olivine basalts, while those in which the feldspars are re¬ 
placed by nepheline or leucite are called nepheline and leucite basalt 
respectively. Columnar, hexagonal jointing, though not confined 
to the basalts, is most frequent and characteristic of them. 

3. Trap is a useful and non-committal field name for various 
kinds of dark, heavy, granular rocks, which cannot readily be 
identified by inspection. The name is used for diorite and espe¬ 
cially for diabase. 

4. Dolerite is a finely crystalline, hypabyssal rock, which may 
be either porphyritic or granitoid in texture. 
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5. Diabase is named for its texture : the feldspar crystals are 
long, narrow, and lath-shaped, with the ferromagnesian mineral 
m the interstices. This rock is abundantlv associated with the 
New-ark or upper Triassic formation, which extends from Nova 
Scotia to North Carolina and, by differential erosion, the siUs 
and stocks stand out as prominent topographical features, espe¬ 
cially in the valley of the Connecticut River and in northern 
New Jersey. The Palisades of the Hudson, on the New Jersey 
shore, opposite the upper part of New York, and much beyond, 
are the edge of a thick sill and were so named because of their 
\ertical joint columns, which, though less regular than those of 
the fine-grained basalts, are yet very distinct. Elsewhere, the 
Palisades sill is. for the most part, very irregularly jointed, though 
sometimes in quite regular slabs and sheets. 

6. Gabbro is a comprehensive term for the coarse-grained, plu- 
tonic phases of the various basaltic rocks, which are typicallv 
atade up of some of the plagioclases and pyroxene. OUGne gabbro 
ind hornbknde gabbro are names that require no definition. Xorite, 
3r hypersthcae gabbro, contains orthorhombic pjToxene. 


D. Ultr.^b.\sic Rocks 
1'/. Ptridutite Family 

The name Peridotite is taken from peridot, which is the 
-rench word for olivine. The.se rocks have a small percentage of 
ilica iSiO-j = 35 to 45 per cent ), little or no alumina, and a very 
ligh proportion of magnesia tMgO = 35 to 4S per centi. They 
re without feldspar, are made up entirely of ferro-magnesian 
uinerals and are very heavy and extremely infusible, hence they 
lave no representatives among volcanic rocks, unless limburgite 
le so considered. The following table Trom Pirsson and Knopf i 
:ives the names and composition in convenient form. 


Pyroxene and Olivine. 

HcrnMende and Olivine. .. . 

Olivine al- ‘ne*. 

Pvrr.xene alone. 

Hurnl .lende alone. 


Peridotite 
.C<.‘'nlandite 
Dunite 
. Pyroxeniie 
Hurnl dendite 


The ulrrabasic rock? sometime.'^ occur separately and inde^ 
endently, a? dykes, sheets, laccoliths, or small stocks, but they 
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tion with bodies of gabbro, sometimes as phases, sometimes cu 
ting the gabbro in dykes. No fragmental rocks, such as ashe 


or scorisBi of this composition are known to occur. 

1. lAmlmrgite is an ultrabasic lava and is usually assigned 

the peridotite family; it contains augite and oUvine embedded 


a glassy base; magnetite is always present. 

Some petrologists divide the ultrabasic rocks into two or mo 
families, depending upon the presence or absence of olivine. 

2. Serpentine, a name which is used for both mineral and roc 
is derived from the alteration of olivine and augite, and probab 
the greater part of the serpentine which is foimd in various lani 
is derived from the alteration of peridotite and p 3 rroxenite. Son 
of this alteration may be due to the ordinary processes of weathe 
ing ; on a great scale, the change is rather to be attributed to tl 
magmatic vapors and solutions which accompany the intrusio 


themselves. 


/*IE£ASCOPIC CLftSSlFlCATlOM OF I6NE0U6 ROOCS 


(o) Fcldspathic Rocks, 9€n<rall;f Iiokt- 

colourcd. ({crroma^n«$ian min«rfk«» 
arc minor in 


(U.Rrronofncsia 
^ocks, ^cncn 
dork colour 


L HianeriUs 
(grained rocks; 

compOMd 

or of 

rsco^izablo 
constif^nia) 
Infrudivc 


ConsiiiMtnU cnfil 

plmoor^sb un- 
rvcoonizoblc) 
Eidmwe iiA u aiw 
. mar Earik*» atrfocc 


OV^Iosscs Ccom-^ 

posed vvKolK or 

lordly 


H. Fra^RKnfol 
loncous molenAl 


Non- 

fVflMiik 



OHKoclaso and 
Plaoiocla&c 


Plaoioclooo 

ffdoo wn onl 






wilb I 

Plo^iocioaJ 



Quartz lOwortz |<^artz | Quartz ]Ck*o^s 


l^liU 


fftUie 


• Pori 


Quorbz Piorde gabbro 

Pionic krtooKKo- I 

9<t« IcPuni 



ram ia emio. 




Lai lie 


9 ?*^^ Pioriit Gabbro 

iVw m-n 


Paclic 


fclsiic 


Porphyrji 



Fcisitc 


/Vdesde I BasaH 



Obsidian^, Rtchslonc, Pcrlllc.Pumica 


Viiropk^rc COb&idion porphyry and RicKaionc porphyry) 


Tuffs, Breccias iVolconic osb, cic ) 



II A -line {r«jnc4 jrwiitc nilK lilllo or no fcrromoynesiani oincrol 
CL fi oxrsc ^roinod focics of ibc eronile occurino os 4ikcs 
•- Mo volcanic o^utvoIcnL 
t P^ost Obsidiono oro dork coloured. 


occurin^ os dikes, 
r sc^r«^otion» 


(This table of the igneous rocks is modified from that of Pirsson and Kn< 

by A. F. Buddington.) 
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THE PYROCLASTIC ROCKS 

The>e rock? are in a 5en?e. hybrids between the igneous and 
le sedimentary classes: the material is of volcanic origin the 
deposition and arrangement sedimentary. The finer material so- 
called volcanic ash and dust, may be mixed, in any proportions, 
1 or inar\ sediments, sand, clay, mud, etc., and being deposited 
by wind or water, is stratified, \-ery large fragments, such as blocks 
and bombs, are too heavy tor the .sorting action of the unnd and are 
not stratified : these accumulate at no great distance from the vent. 

^ Auglomo-ntt is a mass of angular blocks of lava 

^ith which may be mingled, to a greater or less degree, framnents 

of sedimentary rock torn off from the sides of its chimnev bv the 

uprushmg gas column. The blocks may be loose or consolidated 

into a rock by finer material which fills the interstices. The 

Absaroka Mountains on the eastern side of the Yellowstone Park 

are chiefly made up of an immense mass of volcanic agglomerate, 

cemented by ash into a rather soft rock, which weathers rapidly. 

The exposure of the blocks produces the most fantastic topographv 
imaginable. 

2. T olcanic A A ^a misnomer, as hereafter explained' is made 
up of minute fragments of glass, which have a characteristic 
shape from their having formed part of the bubble-walls. .Mi.xed 
Mth these are excessively small, but determinable fragments 
of phenocrysts, the whole comminuted by the volcanic explo- 
dons and transported great distances by the uind. The finest 
lust, such as was disseminated from Krakatau in 1SS3, may be 

sinial quantities, all over the world. The 
somewhat coarser-grained ash is transported hundreds of miles 
md, ^^hen at last dropped, may form thick beds of the pure ash, 
)r may be deposited in water and mixed with sediment in any 
)roportions. In western Kansas and Nebraska are beds of pure 
..■'h 25 feet, or more, in thickness, which must have been carried 
00 miles, at least, from the vents. In the Wlme River bad lands 
'f South Dakota, the clays, which are the predominant material, 
lavc considerable quantities of ash disseminated through them, 
nd, near the top of the formation, are thick beds of pure white 
sh which, at a distance, look like snow banks. 

3. Tuff is volcanic ash or lapilli cemented into a more or less 
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are usually sorted and strati6ed and often contain an abundance 
of fossils. When deposited in water, tuffs contain more or less 
ordinary sediment, and, by increase of this clement, a tuff may 
pass gradually into a shale, or mudstone, or sandstone. The 
tuffs and volcanic agglomerates and breccias may best be classified 
in accordance vrith the nature of the component material. With 
the exception of the ultrabasic rocks, all of the igneous families 
are represented and the names are taken from the lava phiise. 

4. Bentonite is a decomposition product, yet should be men¬ 
tioned here because of its significant implication, giving proof of 
volcanic accumulations where, at present, no other eviflence of 
their existence can be found. Bentonite is derived from volcanic 
ash and is very thoroughly decomposed, but retains characteristic 
features of ash and tuffs. It is dehned by C. S. Ross and 10. 
Shannon as follows: “Bentonite is a rock coniposed es.sentially 
of a crystalline, clay-like mineral formed by the devitrification 
and the accompanying chemical alteration of a glassy igneous 
material, usually a tuff or volcanic ash, and it often contains vari¬ 
able proportions of accessory cry.stal grains that were originally 
phenocrysts in the volcanic gla.ss. . . . The characteristic clay¬ 
like mineral has a micaceous habit and a facile cleavage, high 
birefringence and a texture inherited from volcanic tuff or a-sh.” 

Bentonites have been identified in Paleozoic rocks from Nova 
Scotia and New Brunswick, through Pennsylvania and \'irginia 
to Alabama, Arkansas, and Oklahoma. The most widespread 
occurrence of them, so far knowm, is in Kentuckj’’, Tennes.see, 
and Alabama, in the Ordovician. In Nova Scotia and New 
Brunswick, Arkansas and Oklahoma, they are in the lower Car¬ 
boniferous and in Texas and New' Mexico, they are Permian in 
date. Very unexpected w'as the discovery of bentonite in the 
Tertiary formations of the Gulf Coast. 
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CHAPTER IV 

IGNEOUS ROCK MASSES 

In structure, the igneous rocks are characterized by the absence 
of stratification and hence they are also called umtratified or 
ina-^src€ rocks. The forms assumed by igneous rock masses are 
those due to the solidification of liquid magmas within the earth’s 
crust or upon its surface and are, therefore, characteristically 
different for plutonic and volcanic masses. 

Plutonic Bodies 

The classification of plutonic bodies of rock may be made in 
several different ways. The plutonic rocks are intrusive^ ha\ing 
forced their way, or been forced, into older, preexistent rocks, 
filling fissures and ca\'ities which they have found, or, more gen¬ 
erally, have made for themselves. In places accessible to observa¬ 
tion the rock intruded is usually of the sedimentary class, but may 
be metamorphic or igneous. ^Miatever its nature, the rock which 
is invaded is called the country rock and is, of necessity, older 
than the intruding rock : it may be vastly older, measured by 
millions of years. The geological date of an intrusion may 
sometimes be determined by finding the newest strata which they 
have traversed and the oldest which would have been traversed, 
had they been in existence. 

Professor Daly's classification is according to the form of the 
alutonic bodies and is an ordered description. The first di\ision 
s into two primary groups, (1) subjacent and (2) injected bodies. 
Subjacent bodies are those which rest upon no floor of the countrj" 
'ock, but enlarge downward indefinitelv, so far as thev can be 
ollowed by observation. An injected body is one which is com- 
detely inclosed by the country rock, except for the comparatively 

fpprii'ncr phnnnpl tiloncr whipL tLp morrT-no 
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Both subjacent and injected bodies may be si mple, i.e., composed 
of material intruded at one period; multiple, made up of material 
of the same kind, intruded at more than one period ; or composite, 
composed of material derived from different kinds of magma, 
intruded at different periods. The distinction is thus according 
to time and the chemical character of the rock. Even a simple 
intrusion may, however, be compound in the sense of being made 
up of several connected bodies, simultaneously formed and derived 
from the same magma. (Fig. 9, p. 72.) 

I. Subjacent Bodies 

The manner in which the plutonic bodies of this group have 
reached the position which they now occupy is very problematical 
and gives rise to much difference of opinion. How far the magma 


Mt-Belmoni £d*><mr€h Mi 

a S.W. N.E. 



Mite 

Fro. 3. — Section across the batholith of Marysville, Mont., showing roof of 

stratified rocks. (From Barker after Barrell) 


was active and forced its own way upward through the overlying 
rocks and how far it was passive and squeezed up by movements 
of the earth’s crust, are debatable questions. Presumably both 
processes have been concerned in varying combinations. From 
the purely descriptive point of view, the particular characteristic 
of these subjacent bodies is their downward increase in diameter 
to unknown depths and the lack of any observed floor of country 
lt)ck upon which they rest. 

Batholiths (or bathyliths) are enormous masses of plutonic rock, 
hundreds, or even thousands, of miles in diameter, which have 
been exposed by the removal of the overlying country rock, and 
their shape is determined by the amount of this removal. Some 
batholiths, as exposed to view, are of irregular shape, no one 
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Stone Mountain, in Georgia, is a large stock which, no doubt, 
protrudes from an underlying batholith. Cireat and Little Snake 
Hills, which rise out of the Newark marshes in New Jersey, are 



Fig. 5. — Southwest end of Great Snake Hill. Xewark Meadows. X. J., a 
stock. Below and in foreground, X'ewark sandstones; intrusive btidy above 
and behind. 


stocks which are given off from the great sill of the Palisades. In 
this case, the distinction between subjacent and injected bodies 
becomes somewhat vague. 
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II. Injected Bodies 

These are of a great variety of shapes and sizes and differ in 
their relations to the inclosing or countrj^ rock. Magmas are 
very different in their degree of fluidity, or viscosity, according 
to their mineral composition, and, consequently, the injected body 
represents the hne of least resistance for that particular magma, 
in those particular circumstances. 



Fig. 8. —Chalk and overlying sheet of diorite cut by dyke of basalt, Cave Hill, 

Belfast, Ireland. (Photograph by Prof. S. H. Reynolds) 

Dykes. A dyke is a vertical or steeply inclined wall of igneous 
rock formed by the filling of a fissure by the ascending magma, 
and its subsequent consolidation. Dykes of a certain kind may 
actually be observed in the making, as when the lava column 
of a volcano bursts its way through fissures in the cone. Dykes 
may occur in any kind of country rocks, but most of those which 
are exposed to observ'ation have invaded sedimentary rocks, in 
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dykes of a basaltic rock, photographed in a quariy^ at Mt. Apatite, 
near Lewiston, Blaine. Both of these very different rocks were 
worn down to the same level by the ice. The dykes are simple, 
in the sense that they are composed of material intruded at one 
period, complex in that they have several bodies with connections 
from one to another. 

If the country' rock is eroded awa}^ more rapidly than the dyke, 
the latter is left standing above the surface like a wall, and the 



Fig. 10. — Basalt dyke, in relief, coast of Scotland. (Geol. Swrv, Gt. Brit.) 


dykes may be so numerous as to form a network of intersecting 
walls, as in the part of Wj'oming and Montana which hes to the 
northeast of the Yellowstone Park. Sometimes, but less fre¬ 
quently, the igneous body disintegrates more rapidly than the 
inclosing rock and then a trench results, as occurs in the Triassic 
dykes of North Carolina. 

Intrusive Veins are smaller, more winding, and frequently branch¬ 
ing fissures, which have been filled with magma and may often 
be traced to the larger body from which they were given off. 
In pegmatite veins the minerals are in immense ciy'stals, which 
could not have formed from simple fusion. 
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Fig. 12. — Palisades sill overljdng Newark shales and sandstones; a much 
smaller sill, below, is concordant with the bedding. (Darton) 



Fig. 13. — Sill of dolerite, cutting across beds of sandstone, near Kinghom, 
• Fife, Scotland. (Geol. Surv. Gt. Brit.) 
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Fig. 15. Sill and dyke in bedded rocks, Lower Boulder Creek. Alaska 

^Photograph by Capps. U. S. G. S.} 
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strata than force its way between them. Sills, it is true, are often 
given off from laccoliths, but they are of quite subordinate impor¬ 
tance, while dykes and irregular protrusions, called apoph yses, extend 

into fissures of the country' rock. _ ^ 

Laccoliths occur in a great vari- 

to the modif^dng circumstances 
of intrusion. First described and 

named by Mr. Gilbert in the = — ' ^§-~ — 

Henrj^ Mountains of southern ^ §= 

Utah, where they range from — Diagram section of lacco- 

Yz iifile to 4 miles in diameter, of 

oval ground-plan, and in height from Y to /'f of their horizontal 
diameter, they were subsequently found in other parts of the 
western United States and over the world generally. A very 
interesting group of laccoliths rises from the plain northeast of 
the Black HiUs of South Dakota and displays various degrees of 



Fig. 20. Eroded laccolith with many sills and ap)ophyses, Rockx' \fniin- 

tains, Col. s, sandstone; t, traohj-te. (Holmes) 
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is believed to be the remnant of a laccolith from which the covering 
strata and much of the igneous core have been removed by erosion. 

Shonkin Sag laccoUth, in the Highwood Mountains of Montana 
(Figs. 22 and 23), is a transition between laccolith and sill. 



Fig. 23. — Igneous body of Shonkin Sag laccolith. WTiite band syenite segr(>- 

gated in shonkinite. (Pirsson) 


Figure 20 shows a modified form of laccolith, found in the La 
Plata Mountains of Colorado, called the “cedar tree type," from 
the many sills given off from the central mass, which distinguish 
it from the ordinary “mushroom type.“ More or less asym¬ 
metrical modifications of the typical form are not uncommon. 



Fig. 24. —Gabbro cut by granite dykes. Hastings, Ont. rOeol. Surv., Canada) 


Bysmaliths are an extreme form of the laccolithic intrusion, of 
which the typical instance is Mt, Holmes in the Yellowstone Park. 
Not many have yet been found. The periphery of the intrusive 
body is very steep, almost vertical, with a sharp disruption of the 
surrounding strata, but passing into a dome-like uplift of those 
strata above the igneous body; downward the latter terminates 
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mRlring (literally, continent-making). The orogenic movements 
produce folding of the strata, while the epeirogenic cause a broad 
uplift of the surface; each kind of movement has its particular 
sort of igneous intrusions. “Where the crustal stresses, as 
shown by the displacements, have been of a more mixed character, 
the contrast may be obscured and intermediate forms may occur. 
Under each of the two categories thus recognized are comprised 
intrusions of widely different habits. The most obvious differ¬ 
ences are seen in the diverse postures assumed by the intruded 
rock-bodies and their attitude toward the ‘country' rocks in which 
they are intruded. It is evident that we are still deaUng with the 
effects of different distributions of crustal stress, partly modi¬ 
fied, however, by preexistent structures in the country rocks." 
(Harker.) 

In accordance with the relations of the plutonic bodies to the 
intruded rocks, there may be distinguished the concordant and 
the transgressive, terms which imply that, ordinarily, the country 
rock is stratified; when it is igneous, as in granite, for example, 
the terms are inapplicable. In concordant intrusion the magma 
has been directed by lines of weakness, such as bedding planes, 
and plutonic bodies like sills and laccoliths are the result. The 
transgressive bodies have broken across bedding planes and other 
structural lines, and such forms as dykes and stocks are the result. 
Concordant bodies, unless greatly disturbed after their formation, 
tend to be horizontal or to form low angles with the plane of the 
horizon, while transgressive bodies form high angles with that 
plane. 

Barker's arrangement may be thus tabulated: 


I. Orogenic 

1. Concordant 
Phacolith 


2. Transgressive 
Stock 
Dyke 
Batholith 


II. Epeirogenic 

1. Concordant 

SiU 

Laccolith 

Bysmalith 

2 . 



Stock 

Dyke 

Batholith 


The distinction of mountain and plateau types of intrusion, while 
characteristic, is not sharply drawn. Dykes, stocks, and batholiths 

are common to both, and laccoliths may occur in folded as well 
as in undisturbed strata. 
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CHAPTER V 

VOLCANIC ROCKS — ^TJLCANISM 

Vulcanism is but a small and relatively unimportant part of 
igneous activity, that part which happened to break through to the 
earth’s surface. To the geologist, however, volcanoes offer the 
preeminent advantage of enabling him to observe the actual 
genesis of igneous rocks under surface conditions, while the mode 
of formation of plutonic rocks must be inferred from a study of the 
cold and solidified masses that are exposed to \'iew by erosion. 
The original magmas are the same for both types, but the cir¬ 
cumstances under which solidification took place are so different 
that the texture, structure, and appearance of volcanic rocks are 
radically different from those of the plutonic class. Here again, 
however, there is gradation from one class to the other, because 
of the actual continuity of material. 

Volcanic rocks are of two very different kinds : the lavas, which 
are extruded in a molten state, and the fragmental materials, which 
are due to violent explosions within the volcano. 

Lava is the name given to magma that has been erupted on the 
surface of the land or bottom of the sea, and in chemical and min- 
eralogical composition the lavas correspond to the various plu¬ 
tonic rocks, though generally differing from them greatly in appear¬ 
ance, especially in color and texture, so that they have received 
different names. Thus, the lava of a granite magma is rhyolite; 
of a syenitemagma is trachyte; dacite and andesite are the effusive 
forms of the diorite family and the various basalts of the gabbro 
family. 

Magma contains a great quantity of vapors and gases, chief 
of which is steam, but HCl, HF, SO2, CO2 are also abundant, as 
well as certain substances such as sulphur, borax, ammonium 
chloride, which are sohd at ordinary temperatures. These all act 
as fluxes, lowering the melting and freezing point of the magma, as 
common salt lowers the freezing point of water. When the lava 
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is erupted, the contained vapors and 
lava to freeze and soiidifv. 


gases begin to escape and the 


How long the process of soUdification goes on, depends upon 
the chenucal composition of the magma, which determines vis- 
cositj’. Contrarj- to the statement frequently made, granite is 
more fusible than gabbro, but the latter is far more hquid, less 
viscous. The very liquid lavas of the Hawaiian Islands are basal¬ 
tic in composition, but they flow fifty miles or more before coming 
to rest through freezing, while acid lavas are so stiff that often they 
flow but a few feet, or not at all, from the vent. 



Fig. 26. — Fragment of scoria, one-half natural size, Sunset Peak, near 

Flagstaff, Ariz. (Photograph by J. R, Sandidge) 


The surface of a lava flow is usually covered with cindery, sla^y 
masses, called scoriae^ of pumiceous, or scoriaceous structures (p. 49). 
These are rock froth made by the bubbles of the escaping vapors 
and gases, the rock stiffening and solidifjdng before the bubbles 
collapse. There is quite a complete analogy between scoriae and 
leavened bread; so long as the yeast plant {Tonda) is active, it 


^Derates carbon dioxide, the bubbles of which convert the dough 
nto a sponge. If the loaves are put into the oven at the proper 
ime, the dough is solidified and forms a light, sp>ongy bread, full of 
mbble-holes. If allowed to stand too long before baking, the ^s 
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escapes, the bubbles collapse, and the loaf is an uneatable, doughy 
mass; the bread is said to be heavy. Similarly, pumice and scoriae 
sohdify while still a frothy mass and the difference between them 
is one of degree. Pumice is a frothy obsidian, the threads and 
films between the ca\'ities are plainly of glass, even to the unas¬ 
sisted eye, and the blocks are so light that they float upon water, 
often for many months, and are carried long distances by marine 
currents before becoming water-logged and sinking. 



Fig. 27. —Lava tunnel showing fragments of the roof fallen into the still fluid 
lava below, near Flagstaff, Ariz. (Photograph by H. S. Colton) 


As is the case in all liquids, whether thin or \iscous, the motion 
a lava-stream is not a glide, but a roll, as is equally true of a river, 
rhe bottom of the stream is retarded by friction vnth. the surface 
)ver which it flows, while the top, advancing more rapidly, is con- 
inually rolling down at the convex front of the flow, so that the 
;coriaceous crust, though formed only on the surface of the flow, 
s roUed underneath it, inclosing the molten mass in an envelope 
)f scoriae. The movement of the lava-flow breaks up this thin, 
crust into loose slabs and blocks. The highly viscous lavas 
ire soon covered with heaped-up cindery masses, while those that 
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are more liqmd have curiously twisted, ropy surface crusts ver^ 
much like the slag from an iron furnace. In Hawaii, the roov 
lavas are called Pahoehoe and the block lavas Aa, native names 
which are quite generally used by American geologists. Pillow- 
lavas, which are made up of roimded, cushion-like masses, are 
mterpreted as being submarine flows. Scoriae are very bad con¬ 
ductors of heat, and thus the scoriaceous envelope retards cooling 
and keeps the lava-flow hot, often for many years. Humboldt 



* S'" 


^ H 





Fig. 2S. 


ina Loa 
Jaggar) 


(Photograph 


observed that the lava from JoruUo, in Mexico, was still so hot 
fifty years after extrusion, that a stick, thrust down into a crevice, 
would take fire, and lava-streams near the s ummi t of .£tna may 
flow over snow fields without melting them. 

The arched surface of cindery blocks may become self-support¬ 
ing and then the still fluid portion of the lava flows away from 
beneath the crust, forming long tunnels. Such tunnels are espe¬ 
cially well shown in Iceland and the Hawaiian Islands. The dis¬ 
tances to which lava-streams flow and the rapidity with whidi 
they move are determined by the slope of the ground and the fluid¬ 
ity of the lava. A lava flood from Mauna Loa, Hawaii, flowed 
fifteen miles in two hours, but this is unusual and owing to the 
great fluidity of the lava. Ordinarily, a lava-stream is not a true 
liquid, but is made up of larger and smaller crystals, embedded 










Fig. 30. 


Two kinds of Pahoehoe and spatter cone on edge of Halemaumau 
Hawaii, April 17, 1919. {Photoeraph bv T. A. Jaesarj . 
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in a pasty mass and the whole saturated with gases and vapors. 

Some lavas appear to owe their mobility almost entirely to these 

vapors, just as candy, made by boiling down a syrup, lemaiiis 

plastic and mobUe so long as it is hot and the crystals of sugar are 

cushioned by steam. When cold and diy, the candy becomes 
rigid, even brittle. 

Beneath the scoriaceous crust the lava congeals into a compact 
stony, or glassy body. Down to a certain level, the rock may be 



Fig. 31. —Lava flow from Sunset Peak, Am. (Phot<^raph by BL S. 

vesicular, with numerous bubble-holes preserved by the stiffening 
of the rock before the bubbles collapsed. Usually the flow of the 
lava has drawn these spherical holes out into ovoidal or almond- 
shaped cavities, which may subsequently be filled by some mineral, 
generally white, deposited from solution. Passing downward, tiie 
vesicles cease at a definite level, which marks the line below which 
the lava remained so fluid after nearly all the mineralizing vapors 
had escaped that all bubbles and cavities collapsed and a solid 
textiue resulted. This is often very clearly displa3red when a 
lava-stream is seen in cross-section, as may frequently be done in 
Arizona, for example. 
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Temperatures of Lavas. Direct measurements of temperatures 
have been made in the lavas of \esuvius, ^Rtna, and Kilauea and 
found to be of about 1,000° C. (1,830° F.). In the case of the latter, 
the lava pool, called Halemaumau, has a temperature between 
1,000° and 1,200° C. and, strange to say, the temperature is higher 
at the surface than below, and measurements made at a depth of 
20 feet showed a drop of 100° in the temperature. The greater 
heat at the surface is due to reaction of the gases, one with another, 
and the lava-fountains, produced by the escaping gases, are most 
numerous when the lava temperature is rising, fewest when it is 
f allin g. How the gases contribute to the fluidity of the lava is 
shown by the fact that newdy effused lava remains mobile down to 
a red heat (about 600° C.), but, when entirely cold, this same lava 
requires a temperature more than twice as high (1,300°) for re- 
melting ; the only difference is in the absence of the gases, which 
have escaped from the cold rock. A similar phenomenon has been 
observed in plutonic bodies; in the diabase of the Palisades, for 
example, are inclosures of shale torn from the intruded country 
rock {xenoliths, see p. 84) when the intruding .sill was still molten. 
Were the magma at the temperature of its dr>' fusion, the xenoliths 
would be melted. Here again the freezing point of the magma has 
been much lowered by the mineralizers. 

The lava extrusions and, indeed, the surface manifestations of 
vulcanism are of two types: the central eruption, in which a more 
or less circular crater is the seat of activity, and the fissure-eruption, 
in which the magma was forced up through relatively narrow and 
elongate fissures and flooded great areas. The central eruption, 
which nearly all existing volcanoes display, is especially associated 
with the mountain-making kind of diastrophism, the fissure-erup¬ 
tion with plateau-making. When action ceased, the fissures, filled 
with solidified magma, became dykes, and where erosion has suf¬ 
ficiently exposed them, systems of parallel and intersecting dykes 
remain to indicate the feeding channels. 

Nearly aU the continents have fissure-fed lava-plateaus on a 
grand scale. In North America the Columbia River lava-fields 
cover nearly 250,000 square miles of Oregon, Washington, Idaho, 
ind smaller parts of adjoining states and provinces. The pre¬ 
existing topography was buried and obliterated by the floods of 
basalt and a flat-topped plateau resulted. In northwest India, 
the “Deccan traps” form an even larger lava-plateau, where the 
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piled-up flows, one over the other, give an appearance of stratifica¬ 
tion. In South and East Africa are vast areas of lava fields; in 
the latter region, following the course of the Great Rift Valley 
British geologists are of the opinion that, in the Eocene epoch^ 
a great basaltic plateau e.xtended from Ireland to far within the 
Arctic Circle, a distance of more than 2,000 miles. Of this 
plateau only fragments remain: in Ireland, Scotland, the Faroe 
Islands, and in Iceland. In the latter, volcanic activity still con¬ 
tinues and the great eruption of 1783 is the best modeni instance 
of fissure-eruptions, “which take effect, not through a single orifice, 
but more or less continuoush', along an extensire fissure or group of 
parallel fiesures, or, at least, at ver>' numerous points distributed 
along such fissures. These in a given region have certain definite 
directions, which we may suppose to be related to crustal strains 
of a large order. In Iceland one set runs northeast to southwest 
and another north to south. The fissures app)ear at the surface 
as long open rents (Icelandic ‘gja') a few feet wide and of great 
depth. The Eldgja is more than 18 miles long, with a depth rang¬ 
ing to more than 600 feet.” (Harker.) Sometimes, as in Iceland 

and the High Plateaus of Utah, there are numerous small cinder 
cones along the line of the fissure, but these are onlj' incidental, for, 
usually, e.vplosions play but a smaU part, or are entirely absent, in 
fissure-eruptions. The Absaroka range of mountains, which runs 
along the east side of the Yellowstone Park, is interpreted as an 
immense body of volcanic debris or agglomerate erupted through 
a great north-south fissure by e.xplosive action. Differential 
weathering has shaped out of this volcanic mass the wild and fan¬ 
tastic topography of the “Hoodoo Countr>'.” 

Interbedded or Coniernporaneous Lara Sheets occur concordantly 
in a series of stratified rocks, in which the}' look lik e so many sills, 
from which it is not always easy to distinguish them immediately. 
Such lava sheets were poured out on a land surface or sea-bottorp, 
and were subsequently covered b}' the deposition of sediment. If 
the flow was on the land, that land-area was later depressed be¬ 
neath the water, but while it was on the land, it was exposed to the 
destructive action of the weather and mav have lost all its surface 
portion of slag and scoriae before the deposition of sediment began. 
But, as pointed out on p. 89, it will have retained the scoriae at the 
bottom, it will have more or less glass in it, and the overlying bed 
will show no sign of heat action upon it. 
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An interbedded lava sheet has the same relative age as a stratum, 
which is determined bj' superposition; the sheet is younger than 
the bed upon which it lies, older than the bed which lies upon 
it. A sill, on the other hand, is younger — it may lx- vastly 
younger— than the series of rocks which it intrudes. 



Fig. 32.— Lava flow interbedded with Old Red .Sandstone, .Mull, .Sofhwid. 

(Geol. Surv. Gt. Brit.) 


An extinct cone, like all other mountains, is slowly worn away, 
and we find cones in all stages of removal anrl degradation. In 
Arizona the San Francisco Mountains, north of Flagstaff, form ;i 
very picturesque group of snow-capped pcaiks which rise abruptly 
from the plateau. Though much modified by erosion, the form 
of this group and its component materials show plainly its volcanic 
nature. To the north and west of these mountains are great num¬ 
bers of small, extinct cinder cones in almost perfect pres<'rvat ion ; 
several of them were breached by the last eruption, the lava column 
pushing away one side of the cone and pouring out as a lava-strearn, 
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.^y these cones c^ot be of any great geological antiquity. 

m I^n and Mt. Shasta in northern California to 
L Rainier in Washington is a famous series of magnificent 
ow-cDvered, volcamc peaks which are in the Cascade Mountains! 



Fig. 33.—Piflow lava, Ordovician, Ballantrae, Scotland. (Photogrrah by 

Prof. S. H. Reynolds) 


seen from a distance, these peaks still retain their beautiful conical 
ymmetry, but, near at hand, they have suffered much from ero- 
ion; great ravines and goiges now gash their sides and show a 
ong period of quiescence. Some of these cones still emit hot 


'■apors from their craters and one or more of them may 

)reak out again, but this is not likely; much more proba] 
ones are extinct. 




ibly 
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Volcanic Xecks. The Cascade Mountain volcanic peaLs exem¬ 
plify the earhest stages of degradation; in the course of time, the 
loftiest cones are worn away by erosion until only the stump, 
hardly recognizable, of the volcano remains and this is called a 
volcanic neck. The neck consists essentially of the plug of con¬ 
solidated lava left in the vent by the last eruption or, much less 
commonly, of a mass of volcanic blocks, a breccia, or agglomerate. 
Associated with this more or less cylindrical plug of lava may be 
preserved something of the lowest lava-flows, tuffs, and other 



Fig. 34. — Watei^-ale Butte. Col., a volcanic neck. ('Photograph by 

W. T. Loe, U. S. G. S.j 


ejectamenta of the ancient volcano. Great numbers of such vol¬ 
canic necks, of quite late geological date, occur in Arizona and 
Xew Mexico, and they are also found in rocks of many geological 
periods back to ver^’ ancient ones. Figure 37 shows a hill, called 
Sugar Loaf, near Campbellton, Xew Brunswick, which is a volcanic 
neck dating from the Devonian period, and in the sea-cliffs, not 
far away, may be seen a series of lava-flows interbedded wiih 
marine strata of Devonian age. 

Mount Royal, which gives its name to Montreal, is one of a 
remarkable series of volcanic necks placed on the same east-west 
line and called the Monteregian Hills. Each of these hills marks 
the site of an ancient volcano which, by a process of elimination, 
has been referred to the Carboniferous period. (F. D. Adams.) 

? ven through Mount Royal, has made possible 
a remarkably full and exact determination of the sequence of 
events in the volcanic chimnev. 






I'la. 35. Volcanic nocks, Sandoval Co., New Mexico. (Photograph by Dutton, U. S. G. S.) 
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The diamond-bearing shafts of South Africa, which are called 
pipes rather than necks, are usually of circular, sometimes of ellip¬ 
tical, cross-section, gradually contracting downward in diameter 
so that they have a more or less funnel shape. 1 he pipes are filled 



Fig. 36. — Les Roches Michel, a volcanic neck, Le Puy, .Auvergne, France. 

(Photograph by Prof. S. H. Reynoldsi 

wdth tuff and other products of volcanic explosions, often with 
fragments of the country rock torn off by the explosions. Some 
of the material has fallen in from above into open shafts and fossil 
wood has been found in pipes in Scotland, Germany, and South 
Africa. In the latter region the pipes vary in diameter from a few 
yards (Kaalfontein) to ellipses with long axes exceeding 2,500 feet, 
as in the famous Premier Mine near Pretoria. 
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n these pi^ are remains of ancient volcanoes, almost all traces 
of the conM have been swept away and, in many instances, nothine 
on ^e surface, save the finding of diamonds among the grass roS 
indicated the presence of a pipe. In other instances there is a shal¬ 
low pan on the surface and, in others again, a low hiU, dependine 
u^n the relative resistance to weathering of the country rockl^ 
the volc^c agglomerate of the filling. Mining operations, in 
quest of diamonds, have followed some of the South African pipes 
down to depths exceeding 4,000 feet, where some of them may be 
traced into fissures filled with the same kind of material. In other 
words, the deep-seated fissures locaUy gave rise to explosive pipes. 



Fiq. 37. Sugar iMf, a Devonian volcanic neck, CampbeDton, 

New Brunswick. 


Pipes of a si m i lar characteri of difiFerent geolog;ical dates and not 
iiamondiferous, are found in southern and central Germany and 
southeastern Scotland and some diamond-bearing ones- in Arkan- 
las. Some of the German pipes, making a reasonable estimate of 
iepth, have the proportions of a lead pencil. How such bore- 
loles could be driven through thousands of feet of overlying iw-ka 
eemed quite Inexplicable, until it was learned that a jet of super- 
leated steam, or gas, when suddenly released, acts like a high- 
lowered projectile and will perforate boiler plate one quarter of an 
Qch thick and will cut and polish glass or granite like a sand blast, 
[liese pipes occur in surprising numbers; no less than 130 have 
leen discovered in an area of about 300 square miles in Germany, 
nd in southeast Scotland, near St. Andrews, 80 have been found 
1 an area of 9 X 12 miles. Both in Hurope and in South A&ica 
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they were made without apparent reference to the large structure 
of the perforated strata, occurring in folded and in undisturbed 

beds and avoiding preexisting faults. 

In chemical and mineralogical composition the volcanic rocks 
are, in general, like the plutonic class and were solidified from the 
same magmas. Many plutonic rocks, however, have no vol¬ 
canic equivalents, because of the conditions of their formation. 



Fig. 38. — Volcanic neck near St. Andrews. Scotland. (Photograph by Prof. 

S. H. Re\'nolds) 


It has also been observed that from the same vent lavas of different 
composition are ejected at different times and in a definite, though 
somewhat variable order. The scheme originally formulated by 
von Richthofen comprised five successive types: (1) hornblende- 
andesite, (2) p\Toxene-andesite, (3) mica-hornblende-andesite, 
(4) rhyolite, (5) basalt. The succession display's increasing diver¬ 
gence from the initial type : there is variation in two opposite direc¬ 
tions, and the two lines partly alternate, (li, (2), and (5) are 
increasingly basic and (1), (3), and (4) increasingly acid. Von 
Richthofen’s order is frequently departed from because the initial 
type differs in various regions, but the “law of increasing diver¬ 
gence” (Iddings) is widely applicable. In the hills of Berkeley, 
California, the succession in the Lower Berkeleyan is andesite, 
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basalt, rhyolite-tuff, and then repeated: andesite, basalt, rhvo- 
hte-tuff; in the Campan one phase is omitted : andesite basalt 
rhyohte-tuff, basalt, rhyolite-tuff. In the ancient volcaidc neck 
of Mount Royal, two distinct effusions of nepheline syenite occur 
^^•ith other rocks whose relations have not been made out. (Finlev) 
Fragmental Products (Pyroclastic) are made up of solid pieces 
blown out of the volcano by explosions within the lava body and 
m size, range from the finest and most impalpable dust to great 
blocks weighing many tons. Volcanic ash is a misnomer because 
ash is the incombustible remnant of something that has been 
burned, but the material is so like ashes in appearance and color 
that the term will probabty be retained. In Aiolently explosive 
t\T)es of volcanic eruption, incredible quantities of ash are often 
produced; as, for example, in the 1902 eruption of Santa Maria in 
Guatemala, or most remarkable of aU, the eruption of Tamboro 
on the island of Sumbawa, near Java, in 1815. When examined 
microscopically, volcanic ash may be determined with ease and 
certainty, for it is made up chiefly of fragments of glass which 
have the characteristically cur^-ed fracture of glass, and, in addi¬ 
tion, there are minute fragments of mineral ctystals. The ash is 
often carried for great distances by the wind and deposited in thick 
beds of remarkable purity many hundreds of miles from the source. 
In Kansas and Nebraska, for instance, are beds of imcontaminated 

ash, 20 to 25 feet thick, which must have traveled as much as 
400 miles. 


Torrential rainfall often accompanies explosive eruptions, and 
the rain, mingling with ash and dust in the air and on the ground, 
forms streams of hot mud, more dreaded and more destructive 
than the molten lava itself. Such muds, when cold, set into a 
moderately firm rock, which is called tuff, a name which is given to 
ash cemented and consolidated in any way. The ash may be 
stratified by the \\’ind, or it may be showered into water and 
deposited in an unmixed state, or mingled in all proportions with 
sand or mud. The fresh-water deposits of Tertiary age, which 
cover immense areas of the Great Plains and Rockj^ Mountain 
Plateau regions, frequently contain volcanic material, sometimes 
concentrated in beds of more or less pure ash, much more com¬ 


monly disseminated in fine particles through the 


strata of clay 


and sand. On the Pacific Coast are beds, several thousand feet 


thick, of marine .origin, which are chiefly composed of volcanic 
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material and such beds contain fossils as abundantly as ordinary 
sediments. Indeed, beds of that character are to be classed as sedi¬ 
mentary; the material is igneous, the mode of transportation and 
deposition are sedimentary. Fresh-water tuffs often contain 
abundant and beautifully preserved leaf-impressions. 

Scorify as previously noted, are the frothy portions of the lava- 
stream, which solidify while still full of steam and gas bubbles. 
For the most part, scoriae are formed on the surface of a lava-stream, 
but they also form wit hin the crater and are blov-m out in larger 
or smaller fragments by the explosions. Small fragments, of the 
size of nuts, are called Lapilli. 

Pumice is a solidified glassy froth, differing from scori®, which 
are stony, in their glassy texture and in the greater proiX)rtion of 
bubble-holes in it. Pumice will float and may be carried long dis- 
tances in the sea by currents. Scori® are too heavy to be thus 
transported. 

Volcanic Agglomerate is made up of blocks embedded in ash, and 
accumulated masses of these coarse materials are frequently found, 
but the large blocks are not transported by the wind and their dis¬ 
tance from their point of origin is limited to the explosive trajec¬ 
tory, which may, however, be a distance of several miles. The 
heterogeneous mass of blocks, scori®, ash, etc., is called volcanic 
agglomerate and is often consolidated into quite a firm rock. Vol¬ 
canic bombs are so called because of their fancied resemblance to 
the old bomb-shell, which was spherical and hollow. They are 
spheroidal, or quite irregular, in shape, stony or scoriaceous, and 
hollow; they are produced by small portions of plastic lava, which 
are blown out of the vent with a rapid rotarj" motion. The rota¬ 
tion and the viscosity of the lava fragment determine the shape of 
the bomb, and it is made hollow by the expansion of the gases and 
vapors. 

Fragments are characteristically volcanic and cannot be formed 
under plutonic conditions, as they require free, open spaces for 
their formation. Their occurrence is proof, sometimes the only 
proof, of volcanic action at the time of the formation of the coun¬ 
try rock. In the case of fine materials, ash and dust, they may 
have been transported long distances by the wind, while coarse 
materials imply a near-by source. Furthermore, fissure-eruptions, 
as a rule, are accompanied by little or no fragmental material. 
The fissure-eruption in Iceland in 1783 was marked by the forma- 
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tion of a great number of new cones along the old line of fissure 

and from these cones floods of basaltic lava issued, but there 

was some fragmental material also. As already mentioned the 

Absaroka Mountains, if correctly interpreted, have been cired 

out of a great mass of volcanic agglomerate, which was ejected 
from a fissure. 



Fig. 39. — A volcanic bomb about two-thirds natural size, Sunset Peak, 

Ariz. (Photograph by J. R. Sandidge) 


The Gaseous Products of a volcano are extremely important for 
he active part which they take in eruptions, in promoting the 
:rystallization of lava, and in altering the country rock with which 
hey come in contact, but they escape, for the most part, during 
he eruption or with the solidification of the magma and con- 
ribute but httle to the permanent constituents of the rocks. 
'Water and various gases are present in all igneous rocks . . . 
irhich have been examined. The water amounts on the average 
0 about 1^ per cent. . . . Some rocks contain a very much 
irger amount. ... A fresh hypabyssal pitchstone has usually 
► to 10 per cent or more. . . , The other volatile constituents 
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found in igneous rocks are in much smaller amounts by weight. 
(Harker.) 

The other gases and vapors emitted by a volcano vary with the 
temperature and degree of activity of the vent. Sulphur and 
sulphur compounds are sometimes emitted in great clouds, the 
white particles of which are often deceptively like steam in appear¬ 
ance. Sulphur dioxide (SO 2 ) and hydrogen sulphide (HsS) as 
well as hydrochloric (HCl) and hydrofluoric (HF) acids and 
hydrogen are common volcanic gases given off from high-tem- 
perature vents. Several substances, solid at ordinary tem¬ 
peratures, form volcanic vapors; besides sulphur, there are the 
chlorides of ammonium, calcium, iron, etc. Carbon dioxide (CO 2 I 
is common, especially when the action is declining, and ofter 
persists after all other signs of activity have died out. 
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CHAPTER VI 

VOLCANIC ERUPTIONS 

The phenomena of volcanic eruption are of great geological 
importance because they enable us to observe directly the forma¬ 
tion of one class of igneous rocks and to infer much concerning the 
mode of origin of the plutonic class, the formation of which is 
beyond the scope of direct observation. The mode of eruption of 
different volcanoes and of the same volcano at different times 
varies so widely that, at first sight, it seems impossible that they 
can all be due to the same agencies. All forms of eruption, how¬ 
ever, are connected by small gradations and constitute an unbroken 
series. Examples of different types may be selected as illustra¬ 
tive. Some vents, like Stromboli, one of the Lipari Islands north¬ 
west of Sicily, are in an almost continuous state of eruption of a 
very moderate kind and these are classed by German geologists 
as “Strombolian.” Other vents, like Vesuvius, have long inac¬ 
tive periods of dormancy, broken by eruptions of terrible violence. 
In general, it may be said that there is a rough proportion between 
the length of the quiet period and the violence of the subsequent 
eruption; the longer the dormancy, the more violent the outbreak, 
when it comes. 

Leaving aside, for the present, the characteristics of failing and 
dsdng activity, we may begin the examination of eruptions with 
the explosive type, in which little or no lava is ejected. In the 
Japanese volcano Shirane, the eruption of 1882 consisted of a single 
tremendous explosion without lava or ash, as did also the erup¬ 
tion of another Japanese vent, Bandai San, in 1888, which lasted 
only two hours and blew away the greater part of the mountain, 
more than 2,000 feet high; in these eruptions no volcanic ash, lava, 
or products other than gases were emitted, and the cause of the 
explosion may have been different, as wiU be shown later, from 
that of other volcanoes. 

Vesuvius was known to civilized men for many centuries before 
the Christian era, but all tradition of its volcanic nature had died 
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out before the first recorded eruption of the year 79 a.d. This 
has been made particularly famous not only because of the de¬ 
struction and burial of the ancient Roman cities, Herculaneum, 
Pompeii, and Stabiae, but also becau^ of two letters, describing the 
eruption, written to Tacitus by the younger PUny, who witnessed 
the catastrophe from Misenum, twenty-five miles vsest of the 
mountain. That first historic outbreak of Vesuvius differed from 
subsequent ones in being purely explosive, ejecting enormous 



Fig. 40. — Eruption of Vesuvius, April 26, 1872. (U. S. G. S.; 


quantities of fragmental products, but no lava. Herculaneum was 
buried deep under a mud flow, which set into quite a firm rock, sc 
that the excavation of that city has been a ver>' slow and costh 
work. 

Pompeii, which is nearly six miles from the crater, was buriec 
under loose material to a depth of thirty feet or more. The lowei 
part of this debris is made up of lapilli, small, nut-like, roundec 
fragments of scoriae, above which is a much thicker layer of fin< 
ash. So enormous was the quantity of ash and dust ejected, tha' 
the sun was hidden and, at Misenum, the darkness, in Pliny’i 
phrase, was “not as on a moonless, cloudy night, but as when th< 
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light is extinguished in a closed room. ... In order not to be 
covered by the falling ashes and crushed by their weight, it was 
often necessary to rise and shake them off.” Since that first re¬ 
corded outbreak, \esuvius has had many eruptions, with periods 
of quiescence between; sometimes the periods of dormancy have 
been several centuries in duration, but there is no regularity in 
the alternations of dormancy and activity. 

Many of the East Indian volcanoes have been characterized by 
the extreme violence of their explosive outbreaks. The most 
celebrated of these is the eruption of Krakatau in 1883. This is 
a small island in the Straits of Sunda, between Java and Sumatra 
and little was known of its history’ except that it had been in 
activity in 1680. In May, 1883, a cloud of steam was seen over the 
vent and in August came the series of gigantic explosions, which 
sent a wave of barometric disturbance around the whole world, 
reaching Berlin in ten hours. The island was so completely de¬ 
stroyed that hardly one third of it remained, and water, 100 to 
150 fathoms in depth, now covers what formerly was land. No 
lava was emitted, but an incredible quantity of fragmental mate¬ 
rial was blown out and ashes were distributed over 300,000 square 
miles, while the quantity of pumice floating in the sea was so 
great as to block navigation. Most remarkable of aU the phenom¬ 
ena of this wonderful eruption was the gradual diffusion of the 
finest dust over the entire earth, remaining suspended in the upper 
atmosphere for many months and, throughout the winter of 1883- 
84, causing extraordinarily brilliant red sunsets, in some places 
green. The loss of life directly due to the outbreak was not great, 
but the disturbance of the sea-bed produced immense waves along 
the coasts of Java and Sumatra, which drowned 36,000 people. 

On the lands and islands around the Caribbean Sea, the year 
1902 was an annus mirabilis, so far as earthquakes and volcanic 
paroxysms are concerned. The most remarkable of these out¬ 
breaks was the eruption of Mont Pele in the island of Martinique, 
which had been quiet since 1857. After certain preliminary symp¬ 
toms, such as earthquakes and ash-clouds, the first great outbreak 
came on May 8, when the terrible “hot blast” (nuee ardente, 
Glutwolke), an immense cloud of hot vapor, mingled with glowing 
particles of ash, rolled down the valley of the Riviere Blanche 
upon the city of St. Pierre, instantly destroying the town and all 
of its 30,000 inhabitants. The velocity of the air set in motion by 
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the descending blast was so great that it hurled from its pedestal, 
to a distance of forty feet, the great iron statue of Notre Dame de 
la Garde, which weighed several tons. In an instant St. Pierre 
was reduced to the condition of Pompeii — which the photographs 
immediately suggest. 

A pecuhar feature of Mont Pele was the great obelisk-like spine 
of solidified lava which filled the crater and was gradually pushed 
up to a height of 1,800 feet, but was continually losing material 
by scaling from the sides; Eventually, it disintegrated altogether. 



Fig. 41. — Mont PeI4, Martinique, from the sea. (Gift of 

Mrs. Cecil Fisher) 


Observers differed as to whether this spine was the old lava plug 

which had filled the vent since the last eruption or was newly 

ascended and extremely viscous lava. After the great catastrophe 

of May 8, 1902, Mont Pele had a long succession of eruptions 

up to September 16, 1903; some of these, especially the last, were 

almost as violent as the first one, and these were all carefully 
observed and photographed. 

On the adjoining British island of St. Vincent, the volcano called 
La Soufriere, the last violent eruption of which had been in 1812, 
began to show signs of renewed activity in a succession of earth¬ 
quakes in February, 1901, which increased in violence till May 6, 
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1902, when there was a series of tremendous explosions and, on the 
following day, the eruption became continuous and the frightful 
“hot blast,” or nuee ardente, roUed down the moimtain like an 
avalanche, causing the loss of 1,400 human hves. As there was no 
large town in the track of the blast, the destruction of life was far 
less than that caused by Mont Pele, but the explosions were actu¬ 
ally more Solent and ejected a greater quantity' of material, a 
finely di\ided ash. The eruptions were repeated at intervals and 
with different degrees of ^iolence for cdnsiderably more than a year. 

In the same year Central America was the scene of much vol¬ 
canic acthity. In Nicaragua there was an unimportant eruption 
of Masaya (June 25); and Izalco, in Salvador, after a pause of 
more than a year, began erupting again on May 10, but this erup¬ 
tion was not of the explosive tj-pe and produced stre ams of lava. 
Far more \iolent was the outbreak of Santa Maria in Guatemala, 
which had been regarded as extinct, because it had been entirely 
inactive since the discoverj* of the coimtr}’- by Europeans. The 
eruptions began on October 24 and continued, with diminishing 
\iolence, for more than a year; an incredible quantity of ash was 
thrown out, covering several hundred thousand square miles and, 
near the mountain, burjnng houses to depths of fifty feet or more. 

After the great eruption of 1902, the first one in historic times, a 
few slight signs of activity continued, sulphur odors being percep¬ 
tible as late as 1911. In the summer of 1922 there was a renewal 
of the outbreaks; at first, moderate discharges of ash and dust 
were followed by the formation of a lava dome within the crater, 
which gave off clouds of vapor and changed its form continually 
by scaling off from the outside, recalling the spine of Mont 
Pele. (Sapper.) Diminishing action continued with long in¬ 
tervals of quiescence, the last minor outbreak being on May 14, 
1928, until, on the night of November 2, 1929, there was a violent 
eruption with discharge apparently from the foot of the lava dome 
of a “globing cloud,” similar in character but far less violent and 
destructive than the famous cloud of Mont Pele. The contrast 
between the three great eruptions of Santa Maria in the present 
centuiw is ver%’ striking; the first one, in 1902, as is usual after a 
long period of dormancy, was purely explosive, extremely violent, 
and discharging great quantities of volcanic ash. The outbreak 
of 1922 was notable for the rise of the lava dome within the crater, 
much like the “ spine ’ ’ of Mont Pele. Apparently because of this 
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obstruction, the outbreak of 1929 resembled that of Mont Pele in 
the expulsion of the glowing cloud. 

One of the major volcanic eruptions of history is that of Katmai 
in the Alaska Peninsula in June, 1912. This also was an explosive 
eruption, without lava, but in the quantity of ash ejected exceed¬ 
ing Krakatau by 50 per cent, according to estimates. “The Val¬ 
ley of Ten Thousand Smokes” (so widely celebrated as a most 
remarkable display of volcanic activity) is due to the blanket of 
hot ash with which Katmai ^as filled it. 

In quantity of material ejected, the most tremendous of all 
known eruptions was that of Tamboro in 1815. This volcano is 
situated on the island of Surabawa, near Java, and had been con¬ 
sidered extinct until 1814, when a series of minor explosive erup 
tions began. The explosions, which came every 15 minutes, 
reached their maximum on April 10, 1815, and continued, with 
diminishing intensity, untd the following July 15. No lava 
was emitted, only fragmental products, for the most part ash, but 
with some glowing blocks and scoriae. For a radius of forty miles 
around the volcano every village was buried out of sight and, 
according to Verbeek, the amount of material ejected reached the 
unprecedented total of 150 cubic kilometers, which is three times 

that of the next greatest known eruption, that of Coseguina, 
Nicaragua, in 1835. ’ 


A very interesting example of what would seem to have been 
the moribund phase of explosive action is afforded by Lassen Peak, 
in northern Califorma, which was in progress for three years, 
1914-17, and only once during that time reached a temperature of 
red heat. The eruption began on May 30, 1914, with an explosion 
in the su mmi t crater, and the explosions were repeated at intervals 
of four or five days through the summer and autumn, perhaps in 
the winter also, but the summit of the peak, which has an altitude 
of 10,000 feet, is veiled in clouds during the winter season. In 
May, 1915, “came three days of terrific activity, during which the 
dust cloud reached a height of 25,000 feet above the summit of the 
mountam and blocks the size of a man’s hand were thrown for ten 
miles. (Day.) The old lava plug, which filled the chimney of 
the vent, was raised three hundred feet, level with the rim of 
t^he crater and beneath it two tremendous, horizontal blasts 
buret out at the northeastern point of the cone. These blasts com¬ 
pletely destroyed all vegetation for a distance of four miles, but 
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they caused no forest fires. Red-hot ejecta were seen only once and 
the blocks thrown out were not hot enough to melt the snow. The 
activity died away gradually, with a few minor explosions in 1916 
and a final one of considerable ^nolence in May, 1917. The likeness 
of these eruptions to those of Mont Pele is ob\ious, but with 
the st rikin g difference of temperatures displayed. The material 
ejected from Mont Pele was exceedingly hot, destroying the popu¬ 
lation of St. Pierre in a moment's time and setting ships in the 



Fig. 43. — Interior of crater of Kilauea, Halemaumau Pit, looking soflthwest. 
Two lava lakes and islands, Sept. 7, 1920. (Photograph by T. A. Jaggarj 


harbor on fire, while at Lassen Peak the ejecta were so cool that no 
forest fires resulted from contact with them. 

A radically different type of volcanic eruption is that seen in the 
Hawaiian Islands, all of which are volcanic and built up from the 
floor of the deep sea. The group is isolated in the Pacific Ocean, 
and the several islands show a linear arrangement in two parallel 
lines. Only two of the vents, Mauna Loa and Kilauea on the island 
of Hawaii, are known to be active at the present time, and the latter 
has been observed and studied in a manner that is equaled only 
in the case of Vesuvius. In the recorded history- of Kilauea, there 
have been violent explosions, but the ordinary activity of the vol¬ 
cano produces only lava of an exceptionaUy thin and fluid sort, 
without scorisB or ash. In fluidity, the lava is often compared to 
honey. The crater of Kilauea. which onens on flank nf 














VOLCANIC EEUPTIONS 


115 


than twice as deep as had ever been observed before. In May, 
1924, there was a violently explosive eruption, in w*hich many 
blocks of all sizes had been thrown out. These blocks were of old 
lava, porphyritic in texture, almost free from bubbles, and entirely 


different from the ob¬ 
served flows typical of 
Kilauea. 

“At one side of the great 
bowl, about 600 feet above 
the bottom, was an area 
some 500 feet in its trans¬ 
verse diameter and more 
than 100 feet thick, which 
showed here and there a 
trace of red at night. . . . 
Above it on the rim a hot 
air-current was continually 
depositing fine flakes of 
freshly oxidized, iron-bear¬ 
ing scale. This may have 
been one of the feeders of 
the lava lake. It was cer¬ 
tainly the hottest spot left 
exposed in the empty basin. 
Another smaller area in 
one comer of the bottom 
was distinguished by a 
half-dozen roaring gas out¬ 
lets, whose throats glowed 



Fig, 45. — Eruption of Kilauea, May, 1924. 
(Photograph by Tai Sing Loo, Hawaiian 
Volcanic Obser\’ator>’.) 


red at night. This may have been a smaller feeder. WTien the 
lava began to return to the pit in July, it spouted out from a point 
high up on the talus pile on the opposite side of the basin in a 
fountain 175 feet high. This must have been from a third feeder. 
No others have so far been discovered.” (Day.) 

In July, 1919, Dr. Jaggar had observations of the level of the lava 
surface in Halemaumau taken at interv'als of twenty minutes 
throughout the month, and the oscillations of level due to the tidal 
action of the sxm and moon amounted to only an inch or two in 
oscillations of several feet. (E. W. Brown.) This indicates 
that the subterranean reservoirs of magma cannot be verv laree. 
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of fragmental products. The tuffs which crown the summit of the 
outer crater, or caldera, are deposits of ash, referred to the explo¬ 
sions of 1«S9. In the years 1848-55, Klauea was comparatively 

quiet and the supply of hot 
gases from below was insuffi¬ 
cient to keep the lava in 
Halemaumau in a fluid state. 
Consequently, the lava pool 
was “frozen over,” covered 
with a crust of consohdated 
lava, which rose in a vaulted 
dome to a height of 300 feet 
and, in August, extended above 
the level of the lower points 
of the crater. In the following 
spring, the summit of the dome 
burst open and fountains of 
molten lava sprang to heights 
of 45 to 50 feet, with ver%’’ 
\iolent detonations. In the 
succeeding j-ears the dome dis- 
T . - X- , appeared. 

JbiG. 4^. — Ngraranhoe volcano, New ^ c i_. i 

Zealand, erupti-Du of Mav IS. 1926. ' from which extremely 

Gin of J. Greenlees. Esq. s %'iscous lava is extruded form 

lava domes which have no 
?rater and do not flow, so that the domes have exceedingly steep, 
^ven vertical sides. Several of these lava domes have been ob¬ 
served in process of formation in modem times, A dome arose 



'iG. 49. — Cone ''f Mauna Lia. looking we^t from Volcano House. Kilauea. 

(Photc»graph by Gartley. fiawaiian Volcanic Obsers’atory) 
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in the crater of Tarumai on the Japanese island of Hokkaido in 
1909. The Bogosloff Islands rose from the sea to the north of the 
Aleutian Islands, as lava domes in 1796, 1883, 1906, and 1907, 
but the later ones were destroyed by explosions. Of the more 
ancient domes a classical example is the Puy de Sarcoui, in the 



Fig. 50. — Mauna Loa, outbreak of lava froth and gas, May 19, 1916. 
(Photograph by H. O. Wood, Hawaiian Volcanic Observatory*) 


Auvergne, France, which is a dome thrust up between two vol¬ 
canoes and invading the craters of both. Many other instances 
might be cited, but in each case the lava is of the extremely \dscous 
kind, usually an andesite. 

The types of eruption exemphfied by the unimaginably \iolent 
explosions of Krakatau and K^tmai and the non-explosive lava- 
flows of the Hawaiian volcanoes are the extremes of volcanic action. 
Much the greater number of volcanic eruptions are of intermediate 
or mixed character, such as is displayed in most of the known 
eruptions of Vesuvius, lava-streams flowine out from the crater or 
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bursting through the sides of the cone while explosions hurl out 
fragmental solids, scoriae, bombs, ash, and dust. During historic 
times, Vesu^’ius has had long periods of dormancy. With the 
exception of a moderate outbreak in 1500, the volcano was inac¬ 
tive for nearly 500 j^ears, from 1139 to 1631, but since the latter 
date, the eruptions have been much more frequent. As a rule, the 



Fig. 51. — Puy de Sarcoui, a lava dome between two cinder cones, Auvergne, 

France. (Scrope) 

more tiolent outbreaks have ended long periods of quiescence, but 
one of the most notable eruptions, that of 1906, came after a short 
resting time. 

Vesuvius. One of the greatest, if not the very greatest of the 
eruptions of Vesu\ius, after the Phnian outbreak of 79, was that 
of 1906, of which a verj’ thorough study was made by Mr. F. A. 
Ferret, whose account may be briefly summarized. There had 
been comparatively mild action, both in explosions and in lava- 
flows which burst through the cone a little below the summit in 
1904 and 1905, the flows continuing for more than 10 months, but 
these manifestations were but preparatory to the great paroxysm 
which began April 4, 1906, and went through three phases. 
(1) The Luminous, Liquid Lava Phase: \Mflle immense clouds of 
ash rose from the crater and lava burst through the cone down to a 
level only 2,000 feet above the sea, there were great lava foxmtains 
projected upward from the crater. “Another uprising of highly 
incandescent magma to the upper portions of the conduit was 
indicated by the truly marvelous brilliancy of the ejected material, 
w’hich began to clothe the greater part of the cone, while even higher 
above the crater arose the great geyser jets [of lava] in rapid 
succession'’ (p. 40). “The pillar of liquid — maintained con- 
tinuousl}^ at a height of several kilometers by multiple projections 
from parts of the magma column within the conduit — illu¬ 
mined the Gulf of Naples from Capri to Miseno" (p, 41). Tor¬ 
rents of lava also issued from the vents previously opened through 
the flanks of the cone. On April 8, the upper parts of the cone 



VOLCANIC ERUPTIONS 


121 


fell oiUward and there followed almost immediately the (2) Inter¬ 
mediate Gas Phase, of which the outstanding characteristic was 
“the paroxysmal emission of gas. The conduit had been cleared 
of lava and through it rushed, with a terrible roar, like that of 
Niagara, a continuous blast of gas, like the blowing off of steam 
from a boiler, rising to a height of 8 miles. At 3 p.m. of the same 
day, this phase reached its c ulmina tion. Some ash was swept out 
with the blast, but relatively neghgible in quantity.” (3) Dark, 
Ash Phase: “ The morning of April 9 revealed the emission of a 
truly imposing volume of ash, apparently from a greatly widened 
crater and with greatly reduced pressure of gas. This phase con¬ 
tinued with fluctuating, but diminishing violence, for nearly 
3 weeks. When it was again possible to climb the mountain to the 
summit, it was found that the crater was greatly enlarged and 
that nearly 500 feet had been removed from the top of the cone.” 

Stromboli, 1930. The usual and almost continuous activity of 
this volcano, which has been going v/n for 2,000 years or more, con¬ 
sists in the ebullition of a column of very Uquid lava which rises 
and falls as the gas globes form and escape. The action is so 
gentle that it is safe to sit in the crater and watch it, but this gentle 
action has, from time to time, been interrupted by violent par¬ 
oxysms of very destructive character. In the present century 
Stromboli broke out violently in 1907 and again in 1912 and 1915; 
in June, 1921, there was an outpouring of lava and sulphur dioxide 
gas from the crater, which temporarily drove most of the popula¬ 
tion (2,800) from the island. September, 1930, witnessed another 
violent outburst of an unusual kind. Partly by hydrostatic pres¬ 
sure and partly by melting its way, a flood of lava burst out at the 
base of the cone, while a succession of violent explosions in the 
crater blew off the top of the mountain. 

Classification of Recent Volcanoes 

German geologists recognize seven types of volcanic eruption, 
which have been named from vents now active; the same vent 
may belong to different classes at different times. 

1. Hawaiian Type, exemplified by Mauna Loa and Eilauea; 
quiet effusion of lava, but sometimes there is explosive activity. 

2. Strombolian Type, named from Stromboli, one of the Lipari 
Islands, which has been active almost uninterruptedly for 2,000 
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years or more. The action is rhythmical; at intervals of ten to 
twelve minutes, the very fluid lava rises almost to the edge of the 
crater, a gas bubble forms on the sxirface and bursts explosively 
sending out a shower of lava drops, scoriae, bombs, and crystals of 
augite. Then the lava column sinks down out of sight. From 
time to time, the rhj^hmical activity is broken by violently explo¬ 
sive paroxysms. 

3. Mixed Eruptions, such as most volcanic eruptions are, eject 
quantities of fragmental material explosively and also lava-flows. 

4. Vulcanian Type, named from the island Vulcano, one of the 
Lipari group. The magma is verj' \ascous, and rapidly forms a 
crust between explosions; fragmental products, ash, scorise, and 
bread-crust bombs, are thrown out, but there are no lava streams. 

5. Pelean Type. The crater is flUed with a lava plug, which is 
raised by gas pressure from below, and the hot blast is discharged 
from the side of the plug and rolls down the cone like an avalanche. 
Lassen Peak displayed a moribund stage of this type. 

6. Plinian Type. The first historic eruption of Vesuvius is so 
associated with Phny the Younger, because of his famous descrip¬ 
tive letters to Tacitus, that the use of his name for such outbreaks 
is appropriate. The especial characteristic of the Plinian type is 
the extraordinary violence and brief duration of the main 
paroxysm, which may be preceded and followed by moderate 
explosions. The material ejected, often of incredible quantity, is 
all fragmental, no lava whatever reaching the surface as such. 
Referable to this type, beside the first known eruption of Vesu¬ 
vius, are Tamboro (p. Ill), Krakatau (p. 108), Santa Maria in 
Guatemala (p. 110), and Katmai (p. 111). Coseguina in Nicara¬ 
gua, a volcano which had been regarded as extinct, broke out 
in 1835, in one of the most tremendous catastrophes in the history 
of \mlcanism. Other examples might be cited. 

7. Semi-volcanic Explosions are those which are believed to be 
due to the sudden access of large bodies of water from the siirface 
to hot volcanic foci. There is, of course, no lava and often no 
ash or scorim. The Japanese volcanoes of Shirane in 1882 (p. 106), 
Bandai San in 1886 (p. 106), and Azuma San in 1893 are assigned 
to this type, as are alk) Gelungung in Java, 1822 and 1840, per¬ 
haps Turrialba in Costa Rica, 1864-66, and others. Some of the 
explosions of Lassen Peak (p. Ill) are believed to be of this char¬ 
acter. 
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Omitting for the present the semi-volcanic explosions, the six 
classes of eruptions lited above seem to be radically different from 
one another and yet, not only are they all connected by intergrada¬ 
tions into a continuous series, but one and the same vent may, at 
different periods, be referable to different types. 

REFERENCES 

Brown, E. W., “Tidal Oscillations in Halemaumau,” Amer. Joum. Sci. 
Ser. 5, VoL IX, 1925. 

Dat, a. L., “Some Causes of Volcanic Action/’ Report Smithsonian In- 
stitutianf 1925. 

Jaggar, T. a., “Mechanism of Volcanoes/’ BuU. Nat. Research Counci 
No. 77, 1931. 

Judd, J. W., Volcanoes, London, 1880. 

Lacroix, A., La Montagne PeUe et ses Eruptions, Paris, 1904, 

Ferret, F., “The Vesuvius Eruption of 1906,” Carnegie Inst, of Wash¬ 
ington, Publ. 339, 19^. 

Sapper, K., “Die vulkanische Tatigkeit in Mittelamerika,” Zeitschr. / 
VuUcanologie, Bd. IX, 1925-26. 

Sapper, K. and Termer, “ Der Ausbnich des Vulkans Santa Maria in 
Guatemala,” ibid., Bd. XIII, 1930. 

ScROPE, P., On the Geology and Extinct Volcanoes of Central France, 2nd 
Ed., London, 1858. 

Verbeek, a. D. M., Krakatau, Batavia, 1886. 



i 


CHAPTER VII 

VOLCANIC CONES —NEW AND SUBIVIARINE 

VOLCANOES — DISTRIBUTION 

Essentially, a volcano is a pit, or opening, of unknown depth into 
the earth’s interior. This is exemplified by Kilauea, the lava of 
which never overflows the edge of the crater; the rare explosions, 
with the ejection of ash, have failed to form a cone. Nearly all 



Fig. 52.— Mayon, a cinder cone, Philippine Islands. (U. S. G. S.) 


'olcanoes, on the other hand, are in conical mountains which are 
)uilt up, often in colossal dimensions, by the materials ejected 
rom the vents. The form and proportions of the cone are deter- 
oined principally by the character of the materials thrown out, 
lUt also by the nature of the activity itself, whether quiet or ex- 








VOLCANIC CONES 125 

plosive, whether constant or shifting in position. Volcanic cones 
are grouped in three classes; 

1. Lava Cones are composed entirely of lava sheets and streams 
and have been built up by the piling of one lava flow on another. 
The shape of a lava cone is conditioned by the degree of the lava’s 
fluidity and the distance to which the streams flow before coming 
to rest. The great Hawaiian cones are built up of flows of a lava 
that is exceptionally fluid and hence the cone is very low in pro¬ 
portion to its diameter, and the slope of its sides is extremely 



Fig. 53. — Mt. Capulin, N. M., a truncated cinder cone. (Photograph by 

W. T. Lee, U. S. G. S.) 


gentle. Mauna Loa, for instance, rises from deep water (3,00C 
fathoms) and is 200 miles in diameter at its bage on the sea-flooi 
and 40 miles at sea-level, above which it rises to a height of nearly 
15,000 feet. The slope of the flanks is only 3 per cent. The Ger¬ 
man expression for cones of this description is Shield Volcanc 
(Schildvulkan), because its shape recalls that of a shield, with con¬ 
vex surface, lying on a table. (See Fig. 49.) 

Cones made of extremely viscous lava are the lava domes de¬ 
scribed above, which have almost vertical sides and no crater. This 
shape has been well imitated by forcing stiff clay through a small 
hole. 

2. Cinder Cones are built up of fragmental material blown oul 
of the vent and accumulating as it falls, according to the angle oi 
rest. Hence, coarser materials form a more steep-sided cone thac 

does ash. The form of a eindpr cnnfi is vprv nprfpntlv imitafpH K^j 










126 


AN INTRODUCTION TO GEOLOGY 


blowing a jet of sand through a hole in a table. Even dumping 
a load of sand from a cart often makes a beautiful cone. Pure 
cinder cones with no admixture of lava are mostly small, because 
built up by short-hved acti\ity. The great majority of volcanic 
cones are of the third class. 

3. Mixed Cones are formed both of fragmental materials of 
lava-flows, but the former are greatly in excess and determine 
the form. "Many cones, notably the famous ones in the Andes of 
South America and in the Cascade Mountains of the northwestern 



Fig. 54. — San Francisco Mountains, Ariz., looking northeast, a group of much 

eroded volcanic cones. (Photograph by Carson) 


United States, are extremely beautiful from their graceful outlines 
and their caps of snow. Fuji-San, the -sacred mountain of Japan, 
is a volcanic cone of exquisite grace and appears in most Japanese 
decorations. The lava is present not only as flows, but also as 
dykes, where the cone was breached by the pressure of the lava 
column, the lava escaping at various levels below the crater. The 
fissures thus made are filled with lava, which consolidates on cooling. 

The cones of all three classes show a false stratification, being 
made up of successive layers piled up one over the other, as depos¬ 
ited by the successive eruptions. In the lava cones the layers are 
less distinct, especially if the interx'als between eruptions have 
Qot been long enough to allow much weathering. In the cones of 








<1 Y\ 

















VOLCANIC CONES 


iz/ 



Fig. 55. — Mt. Hood, Ore., mixed cone, much dissected. (Courtes>’, Chief of 

Air Corps, U. S. Army) 



Fig. 56. — Crater Lake, Ore. (Courtesy, Chief of Air Corps, U. S. .Army) 
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Volcanic cones, like all other features of land surfaces, are sub¬ 
ject to the destructive attack of the atmosphere and, in the case of 
islands, of the sea also. So long as activity continues, the ravages 
of the eroding agents are repaired by the deposition of Reshly 
erupted materials, but, as we have already seen (p. 97), the cones 
of extinct vents are more or less rapidly worn away, it may be to 
the very roots. By extreme violence of eruption, volcanoes often 



Fig. 57. — Dyke of porphyry, cutting rhyolite, Glen Coe, Scotland. 

(Geol. Surv. Gr. Brit.) 


destroy a great deal of their own cones. Immense explosions, such 
IS those of Tamboro and Katmai, blow off the top of the mountain 
ind form a vast crater ring, or caldera, within which a quieter 
renewal of activity may build up a smaller cone. Tamboro lost 
nore than 4,000 feet of its height and the crater ring is newly five 
niles in diameter. Vesuvius is half inclosed by the partial ring 
)f Monte Somma, the original cone, which was half blown away 
oy some unrecorded, prehistoric paroxysm and Vesuvius was 

iin Kv <mK<uviiipnt Anintinnc TTaR nf t.hp cnnit of Bsndai 
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San was blown away by the explosion of 1888, and Krakatau de¬ 
stroyed nearly the whole island on which it stood. Crater Lake 
in Oregon, so wonderful a spectacle that it has been made a 
National Park, is also a caldera or crater ring, which has, however, 
been produced in a manner different from the instances just cited. 
That there must formerly have been a high volcanic cone at that 
spot is demonstrated by the glacial striae, which require a moun¬ 
tain above the present crater ring. Had the top of the cone 
been blown off, as has so frequently happened, an immense 
quantity of debris would have been distributed over the surround¬ 
ing country, but there is no such debris and some other explanation 
for the removal of the cone must be sought. In all probability, the 
cone was undermined by remelting of the solidified lava and then 
collapsed into the chimney, where it was remelted in turn and 
drained away through subterranean channels. Something of this 
sort was observed in the 1906 eruption of Vesuvius, where the 
remelting of old lava by the hot gases was seen and the top of the 
cone was removed, partly by outward explosions and partly by 
internal avalanches. Wizard Island is a “conelet” of scoriaceous 
materials, a cinder cone which marks the last and greatly dimin¬ 
ished phase of activity of this vent. 

New Volcanoes 

A considerable number of new volcanoes have broken out within 
historic times in places where there were no vents before. This 
has happened both on land and on the bottom of the sea, often 
resulting in the birth of new islands. In 1538, near Pozzuoli in 
Italy, the ground fissured, exposing red-hot lava, and from this 
fissure great masses of fragmental products were ejected, but 
no lava appeared on the surface. The action continued for a 
week and then died out, but suflSced to build up a cone 440 feet 
high of gray pumice blocks, which is called Monte Nuovo and is 
hardly distinguishable from the other cones of the Phlegraean 
Fields, extinct in Vergil’s day. 

In Mexico there is a wide plain between the well-known vol¬ 
canoes Toluca and Colima, and on this plain, thirty-five miles 

from the nearest vent, a new volcano broke out on September 
29, 1759. 

Jorullo, 1759, is of especial interest, chiefly because its history 
is so fully known and because it is a “modem instance” of a 
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fissure eruption, on a small scale. This little group of volcanic 
cones is in the State of Michoacan and stands in an amphitheater 
in the southern slope of the Mexican plateau, where there were no 
active vents, but some extinct volcanic hills were known. The 
site of the outbreak was a hacienda famed for its fertihtj^ and 

name Jorullo, which means paradise. The 
farm-bailiff, Sayago, was an eye-witness of the outbreak and made 
reports to the Spanish Viceroy. Near the end of June, 1759, the 
people at the farm were alarmed by subterranean noises which 
continued, at intervals, until September 27, when the sounds 
became ven,’ loud and were accompanied by earthquakes, which 
continued almost uninterruptedly for ten daj's. On September 
29, at 3 A.M., a dark cloud rose from the bottom of a ravine about 
one-half a mile southeast of the hacienda, soon followed by “roar¬ 
ing flames.” The steam cloud condensed into rain and formed 
mud streams with the ash and dust expelled from the fissure; in 
the course of the day, the farm building were destroyed and 
the land ruined by the showers of mud. A more \iolent outbreak 
from October 2 to 8 produced such quantities of ash that the 
entire population of La Guacana, some 5 nules to the west, moved 
away and the ash was carried 50 miles b 3 " the wind. October 8 
and 9 incandescent bombs accompanied the continuing clouds of 
ash. From October 14 only chy^ ash was ejected, no steam or mud, 
and the earthquakes, darkness, and downpour of rain were worse 
than before. Sayago left the district and we hear no more of him 
after November 13, bj’ which time a volcanic cone 820 feet high, 
with a circular crater, had been built up. This first stage of 
JoruUo’s history would seem to have been entirely explosive, 
with no lava extrusions, and definite mention is made of only a 
single cone. After Sayago’s departure, there are no contemporary 
accounts of the volcano’s acti\itj', but, according to tradition, the 
\iolent eruptions continued until February, 1760, and again, during 
four years, there was ^dolent acti\*ity from time to time. 

From 1764 to 1775 was a time of failing activity, and there has 
been no renewal since the latter date. According to a report of 
Governor Bustamante, the three high cones were in 1766 much 
as they are at present. There are four or five cones, which all lie 
in the same north-northeast and south-southwest Une, evidently 
placed on the same fissure, which is about two and one-half miles 
long. The main cone, called Jomllo, is 1,300 feet high; the 
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others, in Spanish, volcancitos, are very much smaller. One such 
minor vent, Volcancito del Norte, is north of JoruUo, and three 
others, Volcancito de Enmedio, Volcancito del Sur, and an un¬ 
named one are on the south. All of the cones are breached on the 
southwest side by lava-flows, which unite into a great sheet 
some five square miles in area and nearly 350 feet thick. This is 
locally known as the Malpais (bad countr>0 and is made up of 
several separate lava-flows, the number of which is variously 
estimated at four to six by different observers. Dr. Gadow, whose 
posthumous report- is the latest on the subject, suggests that the 
lava-flows began in 1764, when, according to tradition, the erup' 

tions reached their acme of violence. 

Most of the volcanoes which first appeared within historic 

times have had but a brief period of activity, but Izalco, which 
arose in 1793 on the west coast of Central America, north of the 
city of San Salvador, has been almost continuously active till the 
present time and has built up a cone 2,000 feet high. PreUminarj' 
activity in the area began in 1769, but the present vent opened 
in 1793, throwing out immense quantities of scoriae, followed by 

lava-flows, which continued for five months. 

In Nicaragua, several new vents opened among the Maribios 
volcanoes in the course of the nineteenth century, notably in 1850 
and 1867. In both of these the new openings were made explo¬ 
sively aind fragmental materials were thrown out; lava-streams 
followed. On November 18, 1909, a new vent opened on the 
island of Tenerife, beginning explosively like all the other new 
craters, followed by very abundant lava-flows. The action con¬ 
tinued for ten days. In modem times several new volcanic 
islands have appeared in the sea, which will be mentioned in con¬ 
nection with submarine volcanoes. 

Submarine Volcanoes 

On the bed of the sea there are many more active volcanoes 
than there are on the continents. Volcanic islands, to which 
class all oceanic islands belong, are merely submarine volcanoes 
which have built up their cones above sea-level. Oceanic islands 
are those which rise abruptly from deep water and are far removed 
from any large land-mass. The number of active submarine 
volcanoes is an estimate, since their eruptions can be observed only 
by unusual good fortune and are seldom visible for any great 
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distance. It is important to bear in mind the differences in the 
products of terrestrial, or subaerial, volcanoes, on the one hand 
and those of submarine vents, on the other, because of the bearing 
which the distinction often has upon problems of historical geology 
It may be said at once that the difference is not great and that it is 
often exceedingly difiacult to determine whether a given volcanic 
accumulation was made on the land or on the sea-bed, because 
lava-flows and the pjToclastic materials, scoriae, pumice, bombs 
and ash are ejected from both terrestrial and submarine vente! 
The following characteristics will assist in making the distinction: 

1. Submarine volcanic accumulations are comformably inter- 
stratified with sedimentary deposits, the marine origin of which is 
determinable. This is not entirely decisive, for a land-surface 
on which are volcanic masses may have been depressed beneath 
the sea. The strata underneath the volcanic rocks are normally 
eroded in the case of terrestrial vents, not in that of submarine 
ones. 

2. Submarine lavas are almost always accompanied by tuff 
the water favoring the breaking up of the lava. 

3. “Pillow-lavas,” in which the surface of the flow is lumpy 
and appears to be covered with cushions, are believed to be ehar - 
acteristicaUy submarine. 

4. Contact with water favors the formation of glass, a non¬ 
conductor, beneath which the lava flows to greater distances than 
on land and hence the slopes are gentler. 

5. Submarine bombs do not show the effects of rapid revolution 
while in a plastic state. 

6. Tuffs deposited in the sea may, as a rule, be easily identified, 
but the origin of the ash, terrestrial or submarine, is much more 
difficult to determine. 

Submarine cones are not attacked by the destructive action of 
the sea until they have been built up nearly to the surface, for 
wave-action is unimportant below depths of 100 feet. Diastrophic 
uplift may expose the submarine base upon which a land volcano 
stands, .^tna, for instance, rises from a base of submarine masses 
of cemented lapilli of basaltic glass. 

New Volcanic Islands 

While it is not difficult to identify an island newly arisen above 
the surface of the sea, it is often impossible to say whether the 
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volcanic opening itself is new or old. Many new islands have 
appeared from time to time within the last century, but most of 
them have had only an ephemeral existence. How many of these 
were merely old submarine volcanoes that had built themselves 
up above sea-level, and how man%' were new openings through the 
sea-floor, there are seldom means of determining. One case, 
which almost certainly was a new vent, is that of an island which 
appeared off the southwest of Sicily in 1831 and which received a 
great multiplicity of names. According to the rules of geograph¬ 
ical nomenclature, the English name, Graham Island, should be 
used. The new volcano broke out at a point which had been 
soimded a short time before and depths of 100 fathoms had been 
determined. The eruption was witnessed by a Sicilian sea- 
captain from his ship; in the course of a few weeks there was 
built up a cone of a mile in diameter at sea-level and 200 feet high. 
When acti\'ity ceased, the cone of loose scoriae and ash was cut 
down to a shoal by the action of the waves. 

Barren Island, which appeared in the Bay of Bengal in 1819, 
had a history very like that of Gra ham Island, except that no pre¬ 
vious soundings were made on its site. 

In the Greek archipelago the group of islands known as Santorin 
has been the scene of repeated volcanic outbursts for more than 
2,000 years. The outer islands are e\idently fragments of an 
ancient ring and within this ring is a cluster of small islands, which 
appeared above the sea in 186 b.c. and 1573, 1707, and 1866 
A.D. respectively. 

Of a different tj-pe are the Bogoslof Islands which arose north 
of the Aleutian Islands of Alaska. Old Bogoslof was formed in 
1796, the eruptions continuing at inter\'als, till 1823. New Bogos¬ 
lof arose in 1883 and, between these, a third and a ver>' large 
island appeared on May 28, 1906, “gi\ing off clouds of steam and 
smoke from any number of little craters scattered all over it.” 
(Gilbert.) 

Geographical Distributiox of Volc.an'oes 

In the most ancient known rocks, those of Archaean time, vol¬ 
canic action would seem to have been universal, occurring in 
all lai^ land areas and also, no doubt, in the bed of the sea. In 
the succeeding Palaeozoic era, volcanic outbreaks w'ere greatly 
reduced in amount and restricted to certain particular regions 
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shifting to new regions from time to time. Mesozoic volcanoes 
had quite a different distribution from those of the PaUeozoic 
and foreshadowed the distribution of the Cenozoic and Recent 
eras, the latter again marking a great restriction of volcanic 
areas. 

For example, in the Palaeozoic and early Mesozoic eras (Triassic 
period) igneous intrusions and volcanic effusions occurred in the 
Appalachian and Atlantic border lands, from the Gulf of St. 
Lawrence to northern Georgia. After the Cretaceous period 
North America, north of Mexico, had no volcanoes save in the far 
West and on the Pacific Coast, extending eastward to Idaho and 
Wyoming in the north, and New Mexico in the south, while Recent 
volcanoes are all in the Pacific Coast region, from Alaska south¬ 
ward. Similar shifting of volcanic centers is to be noted in all the 
other continents. 

It is not possible to state, with confidence, the number of vol¬ 
canoes which are active at the present time, for the dormant 
vents cannot always be distinguished from the extinct ones, espe¬ 
cially as some of the most extensive and important volcanic regions 
have been known to Europeans for less than four centuries. 
Several vents that had been supposed to be extinct have broken 
out again in comparatively modern times. For instance, Santa 
Maria in Guatemala erupted in 1902 for the first time since the 
discovery of the country, and the first historic eruption of Vesuvius 
was in 79 a.d. For such reasons, the number of vents now active 
can only be estimated. 

According to Sapper the number of volcanoes which have 
erupted within historic times is at least 430, and that of finally 
extinct vents is many times as great. Of these active vents 
275 are in the northern and 155 in the southern hemisphere. 
Di\iding the globe into Pacific and Atlantic hemispheres, of which 
the former is nearly all water (see p. 7), we find a great pre- 
p)onderance of active vents on the Pacific side, 336 to 94 in the 
Atlantic hemisphere. Some volcanoes, such as ^Etna, are solitary 
and far from any other ; much more commonly they are arranged 
in groups or bands, which show a definite relation to the tectonic 
features of the globe. 

It is a very striking characteristic of the present distribution 
of volcanoes that they keep to the neighborhood of the sea and 
avoid the interior of the continents. Two-thirds of the active 
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vents are on islands and nearly all of the others follow coast 
lines and mountain ranges which are themselves near the coasts. 
However, that nearness to the sea is not indispensable to volcanic 
activity is shown by the East African vents, five of them arranged 
on a north-south line which is 200 to 500 miles inland and one is 
over 800 miles from the Indian Ocean. There is also good reason 
to believe that volcanic eruptions occurred at Mergen in Man¬ 
churia (500 miles inland) at the beginning of the eighteenth 
centuly^ 

This avoidance of the continental interiors was not always to 
be found in past geological ages. Even in a verj’ late period, the 
Tertiary, which immediately preceded our own, there were vol¬ 
canic areas far removed from the sea. The volcanic fields of 
Utah, Arizona, and New Mexico extended 1,000 miles inland 
from the Pacific Coast, which was in much the same position as 
now. In Europe there is a belt of extinct Tertiar>' volcanoes 
which runs parallel to the Alps and Carpathians, from central 
France (Auvergne) and western Germany (the Eifel) to Bohemia 
and Hungary. 

Active volcanoes of the present time are, for the most part, 
arranged in three principal belts which have a general north- 
south direction, though pursuing a more or less sinuous course. 
Two of these belts together encircle the Pacific Ocean ; one follows 
the American coast from Alaska to Cape Horn, but with long 
interruptions. In the Aleutian Islands and along the coast of 
southwest Alaska are many active vents, but British Columbia 
has none. The volcanoes of the United States, the magnificent 
cones of the Cascade Mountains in Washington, Oregon, and 
California, are beheved to be aU but extinct, though Lassen Peak 
has recently erupted. After a long interv'al come the many 
active vents of Mexico and Central America and the South Amer¬ 
ican Andes. 

The western Pacific belt is chiefly made of series of islands in 
long, curved lines, like so many garlands ; these islands are parallel 
to the Asiatic coast, until the East Indian islands, the Philippines, 
Borneo, etc. are reached and the line continued through the 
South Pacific archipelagos and New Zealand to the Antarctic 
Circle. The coincidence of the volcanic and earthquake belts 
which encircle the Pacific is very close. 

The third principal volcanic belt is in the eastern bed of the 
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Atlantic and the vents are all placed on a ridge which rises very 
gently from the sea-floor and over which the water is only about 
1,000 fathoms deep. While the north-south trend of the belt is 
ob\ious, the vents are not arranged in lines, as they so distinctly 
are in the Pacific, but in groups and clusters. Included in this 
band are Jan Mayen and Iceland in the far north, then a veiy’ 
long distance in which no vents are known, until the Azores are 
reached, a group of islands, which are mostly extinct cones, but 
retain some acti\it\-. The ^Madeira group is extinct, but the 
Canaries and Cape Verde have active vents. St. Helena, Ascen¬ 
sion, and, in the far south (latitude 38° S. j, Tristan d’Acunha are 
islands of volcanic origin, but no longer active. It is a remarkable 
fact that, except Central America, which is on the Caribbean Sea 
the continental coasts of the Atlantic have not a single volcano' 
either active or that became e.xtinct in late geological times. 

In addition to the three principal belts above mentioned there 
are two other subsidiary- bands: (1) the north-south series of 
volcanoes in East Africa, which seem to be verging toward extinc¬ 
tion, and (2) the transverse band, equatorial in direction, of the 
Central American, West Indian, and ^lediterranean volcanoes. 

The Tertiary volcanoes of Europe form another band parallel 
to this. 

That there is a relation between the volcanic bands and the 
great tectonic features of the earth is plain ; these bands are ever\’- 
where parallel or coincident with the coast lines and mountain 
c h a in s. On the west coast of the Americas, the volcanic cones 
form the highest peaks of the mountain ranges from which they 
rise. In Europe, as has been said, the great mountain ranges of 
the Pyrenees, Alps, Carpathians, etc. have a line of extinct vol¬ 
canoes parallel on the north and, on the south, the Mediterranean 
belt of active vents, but the mountain ranges themselves are free 
from volcanoes. Whatever the reason, the relation of the vol¬ 
canic bands to tectonic lines is too general to be a coincidence. 
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CHAPTER VIII 


THERMAL SPRINGS AND GEYSERS — CAUSES OF 

VOLCANIC AND INTRUSIVE ACTION 

Ordinary spring water has a temperature which is nearly or 
quite the same as the annual average air-temperature of the 
locality. A thermal spring is one of which the water has a tem¬ 
perature distinctly above that average, and, in different springs, 
ranges from a sUght excess to the boding point. Thermal springs 
owe their existence to two quite different classes of agencies: 
(1) Those which occur in volcanic regions, active or extinct, in 
which the uncooled masses of subterranean rock or the vapors 
given off by them cause a high temperature in the waters which 
traverse them. (2) Those springs which are situated in regions 
of highlj’’ disturbed rocks, folded or fractured, in which water 
can descend to great depths and yet return to the surface, becoming 
heated by the ordinary and universal internal heat of the earth. 
Even the water of deep artesian wells is too warm to d rink without 
refrigeration. 

The distribution of this second class of springs, which are by 
far the most numerous kind, is controlled by the structure of the 
rocks. A map of the United States, on which the localities of 
thermal springs are marked, shows that the moimtain ranges of 
folding are accompanied by lines of thermal springs. The Appala¬ 
chians, in the East, have many such springs, and the suco^sive 
ranges of the great Western Cordillera, from the' Rockies to the 
Pacific Coast Ranges, have them in greater numbers and of higher 
tempjerature. In the intervening Mississippi Valley and Great 
Plains, where the beds of rock are nearly horizontal and but little 
disturbed, thermal springs are almost unknown, the only exception 
being the hot springs of Arkansas, which rise through an island 
of intensely folded and compressed rocks. There are many springs 
which are technically thermal because their waters have a sli^t 
excess of temperature, but owe this excess to local conditions of 

vegetable decay, oxidation of pyrite, and the like. 
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The hot waters of volcanic regions are, by many geologists, 
believed to be of two different modes of origin: (1) Those which 
are of surface, or meteoric origin, rain-water, in short, which Suess 
called vadose, and (2) the juvenile waters of Suess, which are 
believed to be of magmatic origin, never having been on the 
earth’s surface before. The actual occurrence of springs which 
carry exclusively juvenile water has not been proved, but that 
magmatic waters do flow for long periods of time is exceedingly 
probable, and if so, they must contribute to the waters of hot 
springs, even though they should not form such springs of them¬ 
selves. Spring deposits are described in Chapter XII. 

Geysers are periodically erupting hot springs, which may be 
called “water volcanoes.” The eruptions may succeed one another 
at remarkably exact intervals or th^ir periods may be very irreg¬ 
ular. Old Faithful, in Yellowstone Park, is a universally known 
instance of perfect regularity, erupting at intervals of 65 minutes 
and throwing a column of water, accompanied by clouds of steam, 
to a height of 250 feet. In many other geysers the interval is 
much longer, the volume of water and steam much greater and 
rising far higher, while others are smaller and less voluminous. 

Geysers are rare phenomena, otherwise they would be geological 
agents of much importance. They occur at present in only three 
regions of the world, Iceland, New Zealand, and the Yellowstone 
Park and California in the United States (Allen), all of them 
areas of volcanic activity, either going on now, as in Iceland and 
New Zealand, or in the late geological past, as in the American 
areas. Recent studies of the Yellowstone geysers have showm 
that for them, at least, the waters are chiefly vadose, with the 
addition of about 18 per cent of juvenile or magmatic origin. 
The source of heat is not merely the subterranean masses of un¬ 
cooled lava which underlie the Park, but the superheated steam 
and gases which ascend from these lavas. 

In Iceland the geysers show a greatly diminished activity since 
they were first observed. The interval between eruptions of the 
Grand Geyser, for instance, has increased from thirty minutes in 
1772 to twenty days in 1883, The New Zealand geysers were 
destroyed by the violent outbreak of the volcano Taruvera in 
1886, but the Waimanger Geyser resumed operations in 1890, to 
cease once more in 1904. This was the largest of all geysers, 
throwing its column to a height of more than 2,500 feet. 
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This is the problem of assimilation in another form (p. 52) and 
has the same difficulties to meet. The energy of intrusion is 
eloquently displayed along the margins of many bathoUths, where 
the country- rock is shattered and great blocks are tom off and 
embedded in the plutonic mass. Such blocks are called indusions 
or xenoliths (from the Greek xenos, a stranger) and, on a smaller 
scale, they occur in other plutonic bodies, such as dykes, sUls and 
laccohths, and those in the figure (Fig. 25) have sharp edges 
uncorroded by any solvent action of the magma. 

To sum up, the force of intrusion is partly that exerted by the 
magmatic gases and vapjors assisted in varying degrees by dia- 
strophic compression. The problem of the removal of the pre¬ 
existing rocks, though explicable in indi^^dual cases, has not yet 
foimd a satisfactory general solution. 

Extrusion or Vulcanism. More than fifty years ago, the late 
Professor J. W. Judd concluded from his study of StromboU that 
“a volcano is a gigantic steam-engine,” and this, with the addition 
of “other vapors and gases,” is verj^ much the opinion held by most 
students of the subject. Not that a complete and satisfactory 
explanation of ^-ulcanism has been formulated, but much progress 
has been made of late. 

A theory" of \'ulcanism, to be adequate, must explain (1) the 
high temperatures involved, (2) the origin of the magmatic gases 
and vapors, (3) the derivation of the magma, (4) its “ascensive 
force” (in Dana’s phrase), (5) the geographical distribution of 
volcanoes, and (6) the shifting of the seats of volcanic activity 

which dies out in one region and appears in another. 

(1) The explanation of ^-ulcanism should not be conditioned by 
any particular theory of cosmogony, yet we must assume the 
unity of origin of the solar system and that the planets were 
originaUy highly heated. In whatever manner the solar system 
may have originated, there seems no doubt that its members are 
highly heated intemaUy, save for the satellites that may have lost 
their original heat because of their small size. So far as the earth 
is concerned, the high temperature of its interior is hardly open to 
question and we may conclude that the heat of volcanoes is, for 
the greater part, at least, primordial and origmal. WhatevM 
additional heat is required to explain the phenomen^ its oi^ 
is not so clear, but in some instances, if not in all, additional^t 
is generated at and near the surface. We have seen that in Hale- 
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maiunau, the lava pool of Kilauea, the surface temperature is 
more than 100° C. hotter than the lava at a depth of 20 feet. 
This increment of temperature is due to the gases which are bub- 
bhng up through the highly liquefied lava and which react upon 
one another. It has been suggested that the additional heat is 
due to radio-acthity, but the content of radio-active substances 
in lavas is not so great as to favor this view. 

(2) The second problem of vulcanism is that concerning the origin 
of the volatile constituents of the magma, chief of which is steam. 
The situation of the great majority of active volcanoes in, or near, 
the sea has naturally suggested that magmatic water was derived 
from the sea. But in former geological periods and exceptionally 
at present, we find volcanic vents far from the sea. ‘'There seems 
to be no reason to postulate a meteoric source for the water and 
gases which figure in volcanic eruptions,” (Harker, p. 47.) “The 
minerahzing substances are not to be regarded as in any sense ad¬ 
ventitious or connected with external conditions, but as an integral 
part of the rock-magma itself” (Ibid,, p. 288.) This opinion is very 
generally held by geologists. On the other hand, Mr. F. A. Ferret, 
who attributes to steam such great importance in the causation of 
volcanic phenomena, believes that the magma absorbs the steam in 
rising through water-bearing strata and Dr. T. A. Jaggar regards 
the steam of highly explosive eruptions as due to ground water. 

(3) Magmas are, of course, derived from the interior of the 
earth, but it is debatable whether volcanoes are merely supplied 
from limited reservoirs within the crust, or whether they are con¬ 
nected with the continuous, concentric shells of highly heated, 
but soUdified magmatic material beneath the crust. Shght release 
of pressure would sufl5ce to liquefy the magma, for pressure raises 
the melting point of rocks. It has been demonstrated in certain 
instances, as in the South African diamond pipes, that volcanoes 
are often, probably always, the surface manifestation of plutonic 
activities, but the question is: Do these plutonic bodies maintain 
a connection with the subcrustal, potentially fluid magmas? The 
very small tidal effect of lunar and solar attraction upon volcanic 
reservoirs would indicate that these reservoirs cannot be very 
large. The same inference follows from the exhaustion of the 
reservoirs and consequent extinction of the vents. It will have 
been observed that almost all the new volcanoes which have broken 
out in historic times have had but a brief period of activity. 
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In the case of Kilauea, it appears probable that several distinct 
pockets, instead of a single reservoir, supply the lava pool of Hale- 
maumau. “Instead of the boihng-flask pictiu^, therefore, we 
should think rather of a central collecting tube, with many more 
or less wide-spreading branches below, leading to local chambers 
in which crystalUzation is proceeding under different conditions 
of temperature and pressure, . . . The heterogeneous character 
of the gases collected, the temperature conditions within the lava 
basin, the appearance of the crater when free of all its liquid lava 
and the djmamic conditions within the lava body when present 
in the crater, all point to many sources rather than a single source, 
both of gases and of magma.” (Day.) 

(4) The ascensive force of lavas is chiefly due to the occluded 
gases and vapors which they hold in solution, but, no doubt, rock 
pressure and diastrophic compression frequently assist in produ cing 
the effect. Explosive violence would seem to be altogether due 
to the volatile constituents and it has been shown that crystalliza¬ 
tion may generate very high pressures by excluding the steam and 
gas from the crystals. (Morey.) The trend of all recent inves¬ 
tigation is to show that magmas are not passive liquids, subject 
to the laws of hydrostatic pressure, but are, on the contrary, 
extremely active and powerful dynamic agents. 

(5) The distribution of volcanoes in narrow hnear belts is obvi¬ 
ously determined by diastrophic factors. The volcanic belts are 
plainly related to the moimtain ranges, in which, or parallel with 
which, they are placed. Coast-lines are also determined, for 
the most part, by the diastrophic agencies and hence the paral- 
leUsm of the volcanic belts with mountain ranges and coast-lines 
is because of the dependence of all three upon the same agencies. 
When the plutonic bodies are soUdified through crystallization, 
the volcanic vents which were supplied from that reservoir must 

cease their activity. 

No active volcano of the present day is of great geological 
antiquity; with the possible exception of some of the Andean 
vents, no volcano now active is believed to have come into existence 
before the Miocene epoch of the Tertiary period, and many, if not 
most, of the modern vents are of still later date. 

Vesuvius and Kilauea differ so profoundly in the phenomena of 
their activity that it is, at first sight, difficult to believe that the 
same agencies are at work in both. Yet the independent study 
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of the mechanics of eruption leads to the same conclusion, and it 
is instructive to compare the results reached by Drs. Day and Ferret. 

Day Ferret 

^‘Through aU of these studies The following facts seem to 
one conclusion seems to stand be proved by observation, 
fast whenever it is applied, “(1) The fillin g of the crater 
namely that the outstanding with magma from the depths is 
factor in determining the char- a slow process. (2) There re- 
acter of modem volcanism is the suits an accumulation of liquid 
gas content of the crystallizing material within and beneath the 
magma. If this be mainly of volcanic edifice, with gradually 
steam released in a closed cham- increasing gas-content and ten- 
ber, as at Lassen Feak, then sion. (3) The release and dis- 
only steam explosions are to be charge of all or part of this 
expected as the surface mani- accumulation constitute erup- 
festation of the crystallization tion and with consequent ex- 
of the magma below; if to the haustion give to the cycle of 
steam are added such chemically manifestation its quality of peri- 
active gases as chlorine, sulphur, odicity. (4) The eruptive ele- 
hydrogen, and the hydrocarbons, ment, par excellence, is gas. 
then chemical reaction between (5) The main function of the 
these will be a sufficient cause of magmatic reserv^oir is the evolu- 
the higher temperatures and tion and accumulation of gas. 
lava-flows of the character well (6) The actual upward move- 
known at Vesuvius, Stromboli ment of magma from its reser- 
or Kilauea.” voir is too slow to permit of its 

Op, cit, being the actual carrier of all the 

gas which is emitted, whence we 
may deduce: The magma is a 
paste which permits the trans¬ 
fusion of gas and which changes 
into liquid lav^a in the upper part 
of the column.” 

Op. cit. 

The harmony of the results attained by two entirely independent 
observers is very striking and is strongly indicativ^e of their truth. 
Essentially, these results are a reaffirmation, with important addi¬ 
tions, of Judd's thesis propounded 50 years ago. 
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CHAPTER IX 

DIASTROPHISM — EARTHQUAKES 

The history of the earth’s crust, as that is recorded in the rocks 
makes it certain that there have been great changes in the arrange^ 
ment and extent of land and sea and in the altitude of the land- 
masses. Almost all of the continents have, at one time or another 
been submerged beneath shallow, epicontinental or epeiric, seas 
and large areas of the present shoal-water seas were once land 
surfaces, such as Hudson Bay, the Gulf of Maine, the North Sea. 
These diastrophic movements have continued to the present time 
but there is much difference of opinion concerning the facts, which 
have been afl&rmed and denied in bewildering fashion, often in the 
interests of certain theories. Diastrophic movements of the 
present time that can be detected are entirely of the epeirogenetic 
(see p. 5) class, for the orogenic or mountain-making processes 
are not open to observation, even though they may still be at 
work, because they are so slow and deep-seated. 

Diastrophic movements may be in any direction, upward, 
downward or horizontal, and may be either direct, vertical uplift 
or depression, warping or curving upward or downward, or tilting 
and inclming. Furthermore, they may be distinguished as secular, 
extremely slow and gradual, or rapid and sudden. The former 
are principally warping and tilting, the latter vertical uplift, or 
depression, and these are almost always associated with earth¬ 
quakes, in connection with which they will be considered. It 
might seem more logical to discuss all classes of modem diastrophic 
phenomena together, but, as it is not improbable that the secular 
and the sudden movements were brought about by quite different 
agencies, it is better to keep them apart. Though elevation and 
depression affect the interior and the coasts of land-masses in the 
same way, it is, for the most part, impossible to detect interior 
changes, save by means of repeated, precise surveys, and these 
have seldom been made in proper form. On the coast, the sea 
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affords a means of detecting even minute changes. But the 
problem is immediately suggested: Are these changes in the land, 
or in the sea? Along open coasts, changes cannot be local, they 
must be general. Professor Daly has found evidence in widely 
separated regions of a comparatively modem rise in the general 
sea-level of about sixty feet. This rise he attributes to the melt¬ 
ing of the immense ice-caps which, in the Pleistocene, buried 
such vast areas of the continents, but this has nothing to do with 
diastrophism. Coasts which are locally raised, or depressed, or 
where opposite movements are near together, prove that the change 
was in the land. Formerly, it was customary to speak of “eleva¬ 
tion and depression” of the land, but since Suess denied the 
possibility of an upheaval, except by volcanic agencies, the terms, 
“positive and negative displacements of the strand-hne,” have 
been widely used as non-committal. But these terms are not 
neutral, for they refer to the sea; a “positive displacement” 
means a rise of the sea, or a sinking of the land, and “negative 
displacement” means a rise of the land or fall of the sea. The 
older terms are here employed. 

In estimating the effects of diastrophic movements along the 
sea-coasts, it is necessary to guard against being misled by changes, 
often very striking, which have been brought about in an entirely 
different manner, ^any shores, hke the east coast of England, 
are being cut back by the waves, sometimes with appaUing rapidity, 
bringing quite deep water over the sites of farms and villages. On 
the other hand, the land is, in many places, advancing at the 
expense of the sea, the coasts extending outward by deposition 
of sand and mud. Around the head of the Adriatic Sea, the land 
has grown several miles in the last 2,000 years; Ravenna, which 
was a Roman naval station and seap>ort, is now 20 miles inland. 

In such retreats and advances of the sea, diastrophism is not 
involved. 

An e xamina tion of the various coasts of all the continents (except 
Antarctica, of which nothing is known in this respect) reveals the 
fact that long stretches of these coasts are now, or have lately been, 
moving upward or downward. On the whole, elevation pre¬ 
dominates and has done so through the earth’s history, though 
with long periods of depression. The vital importance of dias¬ 
trophic upheaval is made plain by the fact that it is the only general 
counteracting agent to the ceaseless attack of the waves and 
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currents on the coast, which they cut back like a horizontal saw. 
Were it not for diastrophic elevation, all the continents and islands 
would long ago have been swallowed up by the “all devouring sea.” 

The e%’idence by which diastrophic movements may be proved 
differs in accordance with the direction of the movement. Land 
which has been raised from under the sea shows unmistakable 
signs of marine action in erosion, or deposition, or both, while 
land upon which the sea has encroached is covered up by the water 
and, in most instances, the e\'idence of its movement is indirect. 
Sometimes, as in the case of the Gulf of Maine and the North Sea 
the bottom may be mapped by soundings and made to reveal its 
terrestrial character. This method has not, as yet, been applied in 
many instances. 

The shores of the Mediterranean and its islands have been 
the seat of an immemorial ci'siUzation, and many ancient build¬ 
ings, more or less ruinous, remain to testify of diastrophic move¬ 
ments upward, downward, or both. These ruins have been 
the subject of long and frequent controversy, not only as to the 
explanation of the facts, but also as to the facts themselves. 
Many erroneous observ^ations and inferences have been made 
which subsequently were perforce abandoned. A very celebrated 
and much-debated example of oscillations of level is the so-called 
Serapseum, or the Temple of Jupiter Serapis, at Pozzuoli on the 
Bay of Baiae, near Naples. This building, which was perhaps a 
market, or public bath, has three monoUthic columns of marble, 
some 40 feet high, which have remained upright and have registered 
the changes of level for nearly 2,000 years past. This building 
and its surroundings were selected by Sir Charles Lyell as a par¬ 
ticularly favorable example of oscillations of level, because three 
quite independent lines of e^^dence, archaeological, documentary, 
and geological, concur in the same conclusion. 

The archaeological e\idence is chiefly afforded by the building 
itself and especially by the three monolithic columns. Whatever 
its nature and purpose, the “Serapseum” was originally erected on 
the land, not, like several Roman villas in the adjacent bay, in 
the water, and its date is probably the second or third century a.d. 
While still in use, the building had begun to sink and was invaded 
by sea-water, for a .second floor was laid on a fill about eighteen 
inches deep alwve the original pavement and, on this new floor, 
false bases were out around the foot of the columns. At an un- 
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known date, a shower of volcanic ash filled the court to a depth 
of twelve feet and when the continued sinking brought the water 
to a height of twenty feet above the second floor, the lower part 
of the columns was protected by this ash against the attack of the 
boring mollusc, Lithodomus, which still abounds in the waters 
of the bay. The portion of the columns which was submerged and 



Fig. 58. — Monolithic columns of the “ Serapaeum ” at Pozzuoli, Italy, in 1836. 

(After Lyell, courtesy of Messrs. John Murray, London) 

unprotected was honeycombed by the borer and now each column 
has a belt, nine feet wide, which is rough, full of tunnels made by 
Lithodomus and in sharp contrast to the smooth portions above 
and below and exactly of the same width and level on each pillar, 
obviously a water-level. When first excavated, many of the 
tunnels still contained the shells of the boring molluscs which made 
them, but these were long ago carried away by souvenir-hunters. 
Taken together, the double floor and the columns show that 
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a downward movement began in Roman times, that a shower of 
volcanic ash filled the structure to a depth of twelve feet and that 
depression continued until the maximum depth of twenty-one feet 
was attained. At that level there was a long pause, allowing time 
enough for the boring molluscs to fairly riddle the marble over 
the nine-foot belts which were exposed to them. When the 
upward movement began is not known, but it continued until 
the original floor was above sea-level, when the columns were 
discovered and excavated in 1741. At the end of the eighteenth 
or beginning of the nineteenth centurj', a renewed depression 
began and Sir Charles Lyell’s drawing, made in 1836, shows the 

upper floor covered with water, and the downward movement is 
stiU in progress. 

The documentary evidence is contained, first in the Latin 
accounts of the region which shows that the plain on which the 
“Serapaeum” stands was land; second, the Mediaeval itineraries 
make it plain that in the Middle Ages, the sea came to the foot 
of the bluff, on which stands a ruin, identified as one of Cicero’s 
\'illas ; third, that the reelevation had begun to attract attention 
before the end of the fifteenth century’, for there is extant a grant 
of land at Pozzuoli “where the sea is now drying up,” issued in 
1498 by Ferdinand and Isabella of Spain. The final upheaval is 
supposed to have occurred in 1538, when the new volcano, Monte 
Nuovo, broke out in the neighboring Phlegrman fields, but this 
is only inferred. 

The geological proof is, first, that at some not distant period, 
the sea came up to the foot of the low cliff, as is shown by the 
sea-caves, cut by the waves in the soft volcanic tuff and other 
marks of wave-action. Second, the plain, called la Starza, which 
extends back of the “Serap«um” has a surface made up of marine 
deposits filled with shells and remains of other sea animals, exactly 
the same as still live in the w'aters of the bay. Beneath these 
marine deposits is an old soil, from which many small objects of 
Roman make, coins, bronzes, pwtteiy’, etc., have been taken. 
This e\idence shows that a small plain, cultivated land in Roman 
times, was depressed beneath the sea and, after remaining at that 
level for some time, was again reelevated. 

It has been attempted to show that these unquestionable changes 
of level around the Bay of Baite are not properly diastrophic at 
all. but volcanic. This contention lends special interest to the 
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studies of R. T. Gunther, made in 1903, which cover not only the 
whole Bay of Naples, but extend down the Italian coast to Paes- 
tum and northeasterly to Rome. At the time of the Greek settle¬ 
ments, the coast stood at least 6 meters (20 feet) above its present 
level and depression began in the time of the Roman Empire, 
increasing in the Middle Ages, until the coast was 20 feet or more 
below its present level, making a total downward movement of 
40 feet or more since the fifth century' b.c. At the close of the 



Fig. 59. — The 100-foot raised beach near Brein Phort, ArgvU, Scotland. 

(Geol. Surv. Gt. Brit.) 


fifteenth century, reelevation had gone so far as to awaken atten¬ 
tion, yet it did not proceed sufficiently to lay bare all of the sub¬ 
merged Roman territory’'. The second downward movement, 
which followed, is still going on. (Supan, p. 465.) 

Evidences of Elevation, Ancient buildings, as indicative of 
oscillations, were considered in the foregoing paragraphs; in 
other instances, such buildings show only upheaval and it will 
suffice to cite one very remarkable case discovered by Fraas on 
the East African coast. At Mombasa there was an old Portu¬ 
guese defensive work of stone, which was destroyed in 1696. To 
the stones of the ruin, which are now from 13 to 16 feet above tide. 
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are attached enormous numbers of oyster shells, still fixed to the 
spots where they hved. This is a rise of 16 feet in 212 years a 
movement quite unnoticed by the inhabitants of that coast. ' 
One of the best proofs of elevation is the raised strand-line 
commonly called a raised beach. The former term is better 
because a beach is made of loose materials which may speedily 
be removed by erosion, lea\lng only a terrace, or step, cut in the 


rock, which is a strand-line, with or without the beach. These 
raised strand-lines are found on verj' many coasts in aU parts of 
the world and in all sorts of chmates. When preserved, the 
beach is made up of shingle, gravel, or sand, usually of both pebbles 
and sand in varjnng proportions, and it contains, in greater or 
less abundance, the shells and tests of marine animals. Often 
in beaches lately raised, seaweed and barnacles still remain ding¬ 
ing to the rocks. Raised strand-lines, usually with beaches, are 
especially frequent in high northern latitudes, along the coasts 
of lands which were covered with the immense ice-caps of the 
Pleistocene. 

The Seandina^ian, peninsula is the area where secular elevation 
was first observed. This was in the eighteenth century and the 
coast has been carefuUy observed and repeatedly surveyed ever 
since. No part of the world has been more hotly debated thnn 
Scandinavia, but now the facts may be taken as well established 
and very probable inferences may be drawn from them. Strand¬ 
lines are found up to an altitude of 1,000 feet and the prindpid 
axis of movement is along the line of mountains which form the 
watershed between Norway and Sweden. Elevation increases 
northward and at the North Cape there is a series of marine 
terraces, with shells of the same species as now live in the Arctic 
Sea. The movement is not a simple uplift, but an upwarp, 
forming a verj’’ flat dome. The raised strand-lines, which were 
originally horizontal, are no longer so, but slope downward toward 
the sea and, at the same time, the peninsula was tUted, rising 
northward and, south of Stockholm, going down, as was demon¬ 
strated especially by the surveys of Baron de Geer. 

On the west side of Norway is a coastal plain, some twenty-five 
miles wide, which is a “plain of marine denudation,” cut by the 
waves in solid rock and now raised a little above the sea. This 
is an interesting contrast to the wide coastal plain of the eastern 
United States, which borders the continent from New York to 
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Texas. The American plain is also the upheaved bottom of a 
shallow sea, but is covered to great depths by marine deposits of 
mostly unconsolidated material. The diastrophic movement of 
Norway ceased in prehistoric times, in the Bronze Age of human 
culture, but on the coast of Sweden the movement still continues. 
The east coast of Scotland likewise displays a series of marine 



Pig. 60. — Ancient sea cave at edge of 25-foot raised beach, near Brein Phort. 

(Geol. Surv. Gt. Brit.) 


;erraces, the highest of which is 200 feet above the sea ; wave-cut 
lerraces and sea caves and beaches of coarse shingle are in perfect 
Dreservation, as though but lately abandoned by the sea. 

On the American coast the raised strands are much the same. 
5outh of latitude 40° N. they cease, but increase in altitude north¬ 
ward, from 200 feet at Boston to 700 feet on the eastern shore of 
ludson Bay and reappearing on the east coast of Greenland, 
indeed, strand-lines, now raised, are cut into almost all Arctic 
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and sub-Arctic rocky coasts. Baron de Geer found Swedish con¬ 
ditions so accurately reproduced in Canada that he could appK 
his own methods of measurement and survej’’. 

The Pacific coasts of both Xorth and South America show man\ 
raised strand-lines and give abundant e\idence of relatively late 
movements in both directions. Most of these, especially fi] 
-AJaska, California, and Chile, are associated with earthquakes 
and will be considered in connection with them. Diastrophic 
movements are, by no means, confined to high latitudes; raised 



Fig. 61 . — Raised beaches on Ungava coast of Hudson Bay. 

iGeol. Surv., Canada) 


beaches occur in all parts of the world and are found on the coasts 
of all the continents. They are common in the great archipelagos 
of the West and East Indies ; for e.xample, marine terraces are con¬ 
spicuous on the eastern end of Cuba to one sailing through the 
\^ indward Passage. Timor, in the East Indies, is fringed with 
living coral reefs and raised beaches are to be seen, one above 
another, to heights of several hundred feet. 

Most remarkable of all, perhaps, is Palmarola, one of the Italian 
islands (Ponza group,» in the Adriatic, which from the time of 
Scrope’s map in 1S22 rose 213 feet up to 1892, or nearly at the rate 
of a meter per year. So rapid a rate suggests the sudden move¬ 
ments associated with earthquakes, but these, if they occurred, 
have not l>een recorded. 
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Oscillations of level cannot often be observed in the interior 
except in connection with earthquakes (g. z?.); for there is no datum 
level, such as is afforded by the sea. There are, however, certain 
lake-beaches, which show that the interior of the continents is 
subject to diastrophic changes like those of the sea-coast. In 
Utah there are the remarkably preserved beaches, spits, bars, 
deltas, etc., of the immense Pleistocene, fresh-water Lake Bonne¬ 
ville, of which Great Salt Lake is the much shrunken remnant. 
When made, these beaches were, of course, horizontal, but they 
are no longer so, having been upwarped into a flat dome so gently 



Fig. 62. — Raised marine bench in limestone, Kuiu Island, southeast Alaska. 

(Photograph by Buddington, U. S. G. S.) 


that the rise must be determined instrumentaDy; there is reason 
to believe that this upwarp is still in progress. 

The Great Lakes have had a very complicated story, beginning 
when the ice-cap acted as a dam, blocking the natural flow of the 
water northward. Many beaches remain at various altitudes, 
marking the height of the water levels. When the ice had melted 
and the five lakes had withdrawn, each into its proper basin, 
their connections and outlets were quite different from the pres¬ 
ent arrangement. Then there was an upwarp, the ground rising 
to the northeast, as is shown by the old beaches, which are no 
longer horizontal. 

Evidences of Depression. Ancient buildings may indicate 
depression as well as elevation. At Pozzuoli, the remains of 
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Agrippa’s mole still retain several of the bronze mooring-rings 
to which the ships were tied up. At present, these rings are 
entirely beneath the water, a position in which assuredly they 
were not originally set. On the north shore of Eg^^jt, several 
ancient tombs cut in the rock may now be seen entirely submerged. 
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It is certain that when these tombs were cut, the rock was above 
sea-level. South of Stockholm, the movement of the Swedish 
coast is downward. In this area, an ancient hut was discovered, 
buried under sixty-five feet of Recent marine deposits, which 
contain shells of the same species as are now hving in the Baltic Sea. 
An unusual opportunity to detect diastrophic movements which 
are still in progress is afforded by the precision leveling carried 
out over France in the years 1884-93, after an interval of 30 years 
following a similar survey. The map, on which lines of equal 
depression are indicated by contours, shows that all France, 
except at the foot of the Pyrenees and Alps, where there is a slight 
rise, is sinking at a remarkable rate. The rate increases north¬ 
ward and reaches its maximum on the coast of the Channel and 
the North Sea, where depression amounts to ten feet per century'. 
The lines have a general east-west direction and their course is 
little affected by a change in the character of the rocks, but tectonic 
features have a profound effect. In the southeast, between the 
Alps and the Central Plateau, the fines are strongly recurved 
southward, caused by the Rhone-Saone “Graben,” or trench- 

fault. 

The line of 60 cm. (2 feet) depression crosses France with very 
little deflection, but that of 70 cm. pursues a very irregular course. 
Between the Palaeozoic of the Ardennes and of Brabant and the 
Seine is another series of recurvatures, of which the axis is from 
northwest to southeast, determined by one of the principal fines of 
fracture of the Variscian foldings and is a great area of depression. 
The middle line of the horst at Boulogne is in this axis. At the 
mouth of the Seine is an ellipse of diminished sinking, conditioned 
by the fault which runs 100 km. southeast from Dieppe. (Kayser.) 

Much reliance has been placed upon buried forests found below 
sea-level as a proof of depression, as, indeed, they are, if certainly 
in the places where they grew, for only the tropical mangrove 
trees will grow m salt water. On the other hand, stumps may be 
drifted, until they become water-logged and sink, settling down 
upon their roots and simulating trees standing where they grew. 
Such a case is afforded by the “forest bed” in the marine Pliocene 
of the east coast of England. Long believed to be an old land- 
surface, it proves to be merely a mass of drifted stumps. If the 
roots of the stumps can be traced down into the underlying soil, 
then the forest is a real one and, if below sea-level, is a proof of 
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depression. Submerged forests are found on the coast of Ger 

many both on the North and the Baltic Sea and also on the coast 
of Holland, which is believed to be sinking. 

Drowned river-valleys are a proof of depression, though one 
which has been much disputed and denied. A river which 
flows into the sea cannot excavate its channel below sea-level 
and when a submarine channel extends seaward from the 
mouth of a river, it is very strong evidence of submergence 
esi^cially if the continental part of the river valley shows signi 
of ‘ ‘ drowning. ” The Hudson is an excellent example of a drowned 
river valley. Looking north from West Point, the manner in 
which the mountains plunge down into the river is immediately 
suggestive of a depression which is borne out by the many borings 
and tunnels, which have been driven through the bed of the river 
both vertically and horizontally. The river cut a rocky canon' 
the bottom of which is now many hundred feet below sea-level' 
and is continued outward past Sandy Hook, as a submarine trench 
for 125 miles southeastward. When that canon was cut the 
continent stood 2,000 feet higher and extended at least 100 miles 
eastward, to the edge of the continental shelf. WTien depression 
began, the river’s current was much diminished in velocity 
deposition taking the place of erosion and the lower part of the 
river's course being a tidal estuary. At present the ancient rocky 
gorge (see Fig. 117) is filled with mud, at West Point to a depth 
of 400 feet, increasing to 700 feet at New York. 

Chesapeake Bay is the drowned lower valley of the Susque¬ 
hanna and the streams which now enter it separately were formerly 
branches of the river, such as the Potomac and the James and many 
smaller streams. San Francisco Bay is an obliterated river which, 
formed by the junction of the Sacramento and San Joaquin, cut 
through the Coast Ranges and entered the Pacific by the Golden 
Gate. The ancient delta of this completely drowned stream is 
revealed by soundings outside of the Golden Gate. Many other 
submarine extensions of rivers, such as the St. Lawrence and the 
Congo, have been discovered and, so far as they are true, river-cut 
trenches, they prove depression. 

Sometimes, an ancient and now submerged land-surface may 
be revealed by the careful study of numerous and accurate sound¬ 
ings. The Gulf of Maine, which is approximately demarcated 
by a line drawn from the tip of Cape Cod to the southwest point 
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of Nova Scotia, covers, as has lately been showTi by Professor 
D. W. Johnson, an ancient land surface. In similar fashion, it 
has been learned that the Irish Sea and the North Sea are sub¬ 
merged lands, typical epicontinental seas. This is confirmed by 
many other lines of evidence which show that the separation of 
Great Britain from the continent took place in the Recent geo¬ 
logical epoch. When the primitive men of the Palseolithic or 
Older Stone Age first invaded Britain, they did so dry-shod. 

Finally, the character and topography of land recently invaded 
by the sea are quite different from that which has lately emerged. 
Ckjastal lands have, in many instances, oscillated upward and 
downward, but it is the latest movement which usually determines 
the character of the area involved, provided that there has been 
time enough to fix this character. The coast of Maine, with its 
many rocky islands, has evidently a land topography partially 
submerged by the sea, which has filled the valleys and lowlands, 
leaving the higher ridges and hiUs to stand as promontories and 
islands. That the latest movement of this coast, perhaps still in 
progress, is upward, does not affect its character as a coast of 

submergence. 

The Causes of Diastrophism are very obscure, because not sus¬ 
ceptible of direct observation, and are therefore subject to much 
difference of opinion. It is not at all certain that the gradual and 
the sudden manifestations of diastrophism are due to the same 
agency, even though it is not always possible to distinguish their 
effects. The gradual movements are, typically at least, warps, 
upward or downward, while the sudden movements tend to be 

vertical. 

The late and, in some instances, still continuing rise of land in 
the high northern latitudes of both hemispheres is very generally 
regarded as isostatic in nature. These regions were formerly 
under a gigantic load of glacial ice, beneath which they sank, and 
since that ice disappeared, they have been rising, though in many 
areas, Norway for example, the movement seems to have reached 
its end. No doubt this is, at least, a part of the truth, but isostasy 
does not satisfactorily account for all the phenomena, such as the 
movement of adjacent areas in opposite directions. Hogboom 
and others believe that all of the slow diastrophic movements are 
isostatic in character. (Hogboom.) Others, especially the Glerman 
geologists, attribute diastrophism to the dynamic forces of magmas 
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It wa> fnrniprly Ix'liovod by almost all eonloei>t> that the eon- 
raction of the earth's crust fmni cooling had Ix'cn the active forco 
'f all diastrophic movements. Imt this had Ixa-n generally aban- 
loned as inadequate, However, as will subsequently be'shown 
he contraction hypothesis ntay yet prove to be the best explana- 
ion. Furthermore, the discovery of radio-activity has made it 
uestionable that the earth is lo.-ing heat. Mountain range; 
nd other belts of folded rocks have demonstrably undergone 
ontraction, but it does not follow from this that the earth, as a 
.'hole, has shrunk. It seems assured that all forms of subter- 
anean activity, plutonism, vulcanism, diastrophism and earth- 
uakes, are in some manner produced by the heat of the earth's 
aterior, but just how the high temperature operates has not been 
xplained. 

E.vrthqvakes 


An earthquake is a sudden, more or less violent, disturbance of 
he earth's surface caused by a shock in the interior. By no means 
11 earthquakes are perceptible to the senses ; to demonstrate these 
licro^dim^, delicate recording instruments, called sei-^mograph-c, 
re required. Earthquake observatories, which are now tvadelv 
?atTered over the world, and keep a record of all detectible shock?, 
rove that the number of these is surprising!}' great. Seismo- 
raphs, which record the earthquake waves, as they emerge at 
ae observatory, are of several different types, but they are mostly 
endulums, horizontal, venical, or inverted, pro\ided with a 
iagnif\ing lever and stylus, which records the earth movement? 
n a revolving drum of smoked or otherwise sensitized paper. 

. chronograph records the time on the same drum, so that the 
mes of arrival of the different kinds of earth-waves are precisely 
etermined. 

The central seismological station of Germany, at Jena, receives 
sports of S.OOO to 10,000 earthquakes annually, of which some 
.000 are perceptible to the senses, the others appear only in the 
nsmograms. These numbers amount to an average of one 
irthquake per hour, but they represent but a fraction of all 
uakes; the earth's crust would seem to be in a constant state of 
-emor. now here, now there, very much more frequently in some 
"gions than in others. 

p^irthnujilre recoffls tFiff. 64). 
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yield much important information, both as to the nature and 
origin of earthquakes and as to the internal constitution of the 
earth (p. 2). The waves are elastic, like the waves of sound, 
and composite in character, but the record permits an analysis of 
the waves into their components. When the instrument, in a 
state of rest, is affected by a distant shock, it shows the first pre¬ 
liminary tremors (P, Fig. 64), which, in the record made at Strass- 
burg of the San Francisco earthquake of 1906, lasted for nearly 
eleven minutes ; then the second prehminary tremors (S), which 
in that particular record continued for almost sixteen minutes. 
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pukes could be traced. At stiU greater distances P and 

could no longer be recognized but P and S could. The interDivt 

tion placed on these facts . . . was that the focus of the earth. 

quake was in an upper layer of the crust and that P and S wp« 

waves that had traveled in this layer directly from'the 

the observing station, while P and S had been refracted downwaH 

into a layer where the velocities of propagation were greater Z 
afterwards refracted up again.” 






Fig. 6o — Diagram of the probable paths of the six pulses observed 
lear eanhquakes; vertical scale much exaggerated, aa, sedimentarv lav 

)6. granite layer; cc. intermediate layer (basalt or dolerite); dd. lo^ Ijm 
dunite, etc.K (H. Jeffrevs) 


“V. Conrad, in discussing the earthquake of 1923, Nov. 28, in 
he Tauem region of Austria, found the same four waves and in 
iddition a fifth, which he caUed P*, with a velocity of transmission 
)et ween those of P and P,. He suggested that this might be a coro- 
iressional wave transmitted in an intermediate layer. . . . The 
xistence of the wave P* was confirmed [by Jeffreys] by finding n 
Q the records of the Jersey and Hereford earthquakes of 1926, 
uly 30, and 1926, August 14. The corresponding distortaonal 
rave S* was also identified. So long as the epicentral distance 
ioes not exceed about 800 km. all these six pulses seem to travel 
rith uniform velocitv.” fJeffre\-s, H.) 

Following the preliminan" tremors is the main shock, the waves 
f which (L* are marked by much wider swings of the pendulum 
nd are therefore called ‘'the long waves.” The long waves arc 
iterpreted as ha^ing followed around the crust of the earth near 
he surface and, by noting the difference in time of arrival of the 
reliminar>' tremors and the long waves, it is possible to calculate 
le distance of the place of origin from the recording instrument, 
omewhat later, a second set of long waves may be recorded; 
lese have passed around the earth in the opposite direction firom 
le first set, and, following a longer path, arrive later. In very 
iolent earthquakes the lone waves mav make the entire drcuit 
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of the earth more than once. Repetitions of the three classes of 
waves by renewed shocks, with the addition of reflected and re¬ 
fracted waves, from the different shells of the earth^s crust (p. 4) 
often make a seismogram so complicated as to be nearly un¬ 
intelligible. 

In sohd rocks the elastic waves of an earthquake are frequently 
imperceptible, and therefore in mines shocks may not be felt, 
which, at the surface overhead, may be of destructive violence. 
For example, the Grand Banks earthquake of November 18, 1929, 
which was so destructive to the submarine cables, had suflicient 
energy at Sydney, N, S., to overthrow many chimneys, but was 
not felt and did no damage in the coal mines at that place. 

Nearly all violent earthquakes are followed by after shocks, 
which may continue for weeks, or even months, and sometimes 
are very energetic, but they do not equal the original shock. 
They gradually diminis h in violence and die away as the dis¬ 
located blocks of the earth's crust reach a state of equUibrium. 

As the seismographs register the time of arrival of the various 
classes of waves, isoseismal (or co-seismal) curv’'es may be con¬ 
structed by connecting those points on the map at which the 
shock arrived simultaneously; the curves form more or less 
irregular ovals, or even circles, the center of which is called the 
epicentnim (or epicenter), the point on the surface directly above 
the place of origin, or focus. The irregularities of the isoseismal 
curves are due to the lack of homogeneity in the rocks near the 
surface. In well-recorded earthquakes, analysis of the seismo¬ 
grams makes it possible to determine the depth of the focus, which 
is not a point, but a surface, or even a block. In no case has the 
depth of focus been found to exceed twenty-five miles and the 
average is about twelve miles in the cases in which the depth 
has been determined. 

The Phenomena of Earthquakes vary greatly in different places, 
according to the violence of the quake, the character of the rocks, 
depth of soil, etc. Violent earthquakes are among the severest 
scourges of ma nkin d and in a few moments may destroy great 
cities, with terrible loss of life. In recent years there have been 
three great earthquakes, in each of which the loss of life has exceeded 
100,000: Messina, in the island of Sicily, in 1908 (100,000 +); 
Tokyo, in Japan, in 1923 (142,000 +); and Kansu, China, in 1923. 
The latter is very incompletely known and the estimates vary 
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from one to two hundred thousand. Such terrible destruction 
of human beings occurs, it will be observed, only in cities and is 
due principally to wrecked and falling buildings. In the open 
country- the phenomena are displayed in a less complicated way 
A great earthquake usually begins suddenlj* and with little or 
no warning. A rumbling sound, increasing to a loud roar, accom¬ 
panies, or slightly precedes the movement of the grotmd, which 
is first a trembling, then a shaking, and finally a rapid swajnng, 
wriggling motion, in which it is often impossible to keep one’s 
feet and many people are attacked with nausea. Frequently 
the ground has been observed to rise into low, ver>' swiftly running 
waves, t\-ith cracks opening on the crests, closing again in the 
troughs. If the waves pass under a forest, the trees sway \-iolently, 
like a wheat field wa\'ing in the wind. In all of the very \iolent 


earthquakes, fissures open in the ground, which sometimes re main 
open permanently, which may show a linear, curved, zigzag, or 
radiating arrangement. More frequently, the fisstires close. 

In the years ISll and 1S12 the Mississippi Valley was often 
shaken by \'iolent earthquakes, and had the region been as thickly 
peopled as it is at present, there would certainly have been great 
loss of life. Fissuring of the ground was so common an accomijani- 
ment of the shocks that the widely scattered inhabitants cut down 
many trees in the hop>e that the trunks might serve as bridges over 
the fissures. It is frequently characteristic of great 
that sand and water are forced up from below in immense quan¬ 
tities, forming little sand-craters, called craterlets, which are water- 
filled funnels. 

The "Great Indian Earthquake” of 1897 was one of the most 
carefully studied of the major disturbances and is thus summed 
up in the official report upon that catastrophe : “On the afternoon 
of June 12. 1S97, there burst upon the western portion of Assam 
(in northeastern India] an earthquake which, for violence and 
extent, has not Ix^en surpassed by any of which we have historic 
record. Utsting about two and one-half minutes, it had not 
ceased at Shillong l>efore an area of 150,000 square miles had been 
laid in ruins, all means of communication interrupted, the hills 
rent and cast down in landslips, and the plains fissured and riddled 
with vents, from which sand and water poured out in most aston- 
i'hing quantifies ; and ten minutes had not elapsed from the time 
when .''hillong was laid in ruins before about one and three-quartere 
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million square miles had felt a shock, which was everywhere recog¬ 
nized as one quite out of the common.” (R. D. Oldham.) 

Submarine Earthquakes. Many, perhaps most, earthquakes 
originate in the bed of the sea; the elastic waves do not spread 
very far in water, and ships which encounter the shock almost 
invariably give the same account of it, that they seem to have 
struck a rock, or run aground, but rarely is any damage done. 
Reports from vessels that have felt the shock frequently show a 
linear arrangement on the chart. When any considerable area 
of the sea-bottom is suddenly raised or lowered, a gravity wave is 
generated, similar in principle to the spreading circles seen on 
the surface of a pond when a stone is thrown into it. Though 
seldom visible in the open sea, the great sea wave (often improperly 
called tidal wave) piles up into a gigantic breaker on the coast and 
often causes more destruction of life and property than the earth¬ 
quake itself. 

Volcanic explosions in the sea-bed, whether or not accompanied 
hy earthquakes, are especially potent in generating these waves. 
The eruption of Krakatau in 1883 (see p. 108) produced a great 
wave that devastated the coasts of Java and Sumatra, drowning 
36,000 people. In the Peruvian earthquake of 1868, the great sea 
wave carried the U. S. gunboat Wateree, which was at anchor off 
Arica, three miles inland and left it stranded there. This wave 
crossed the Pacific in twenty-four hours and broke on the coast 
of Japan. The Grand Banks earthquake of November 18, 1929, 
produced a wave which did great damage on the south shore of 
Newfoundland, which “consists of a series of peninsulas separated 
by long narrow inlets of the sea, all of them with steep and 
rock-bound shores. Up these inlets the tidal waves mshed, con¬ 
centrating and pUing up to heights as great as fifty feet above 
sea-level.” (Keith.) 

Distribution of Earthquakes. A map on which earthquakes are 
indicated by shading, so that the depth of tint would indicate the 
frequency and violence of the shocks, shows that earthquakes are 
arranged in a definite manner with regard to the structural lines 
and surface features, such as sea-coasts and mountain ranges. 
To a large extent, the seismic belts are coincident with the volcanic 
belts, but there is sufficient divergence to prove that earthquakes 
and volcanoes are not necessarily associated and that the former 
occur in regions far from volcanoes. 
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Two of the principal seismic belts almost encircle the Pacific 
Ocean, one following the west coast of the Americas from Alaska 
to southern Chile. There are, however, many interruptions in 
this Pacific Coast belt; British Columbia, Washington, Oregon 
Lower California, the northern part of the Mexican coast, and the 
Isthmus of Panama are seldom visited by earthquakes and no 
^^olent ones have been recorded in these areas. Even where in 
a broad sense, the volcanic and seismic bands coincide, there are 



Fig. 66. — Map of earthquake belts, after de Montessus de Ballore and 

C. A. Reeds. 


many discrepancies. For instance, the part of the California 
coast which has most frequently been shaken, that south of San 
Francisco, has had no known eruptions within the human period 
and, for long distances, there are not even any extinct volcanoes. 

From this band is given off a loop which runs along the north 
coast of South America, through the Windward and Inward 
Islands and Greater Antilles to Jamaica and the eastern end of 
Cuba, though most of that island is outside the earthquake area. 
The loop here described may, perhaps, be more properly referable 
to the third, or transverse, belt presently to be mentioned. On the 
west side of the Pacific, the second ereat belt runs down the penin- 
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sula of Kamchatka and the chains of islands which border the 
eastern shore of Asia, but not encroaching on the main land of that 
continent. Then the belt follows the East Indies and the islands 
of Polynesia to New Zealand. Whether the two Pacific bands 
unite in the Antarctic Sea is not known. 

So far, the general coincidence in the distribution of earthquakes 
and volcanoes is obvious, but in the third, transverse belt, there 
is much greater divergence. This band pursues a somewhat 
irregular course in an equatorial direction, which, broadly speaking, 
is at right angles to that of the two Pacific bands. It seems to 
be interrupted by the Atlantic and Pacific oceans, but that may 
be because it is not yet practicable to map earthquakes on the 
bed of the deep sea. The Pyrenees and the south of France, 
Portugal, the south of Spain, and the northwest coast of Morocco 
are outliers of this band, which, beginning in Italy and the Alps, 
runs into central and eastern Asia, covering the Balkan Peninsula, 
the Levant, and Asia Minor. In Persia it divides, one branch 
passing around Afghanistan across northern India and almost 
reaches the Pacific; the other branch runs through central Asia. 
Eastward of the Mediterranean is a vast area of earthquake coun¬ 
try, in which, for thousands of miles, there is no volcano. Japan, 
Greece, and Italy are the countries of most frequent earth¬ 
quakes. 

The map (Fig. 66) indicates the lands of frequent earthquakes, 
which are often of great violence. There are other regions which 
have been visited by earthquakes, sometimes very violent, but 
infrequently and at long intervals. In the years 1811 and 1812, 
the Mississippi Valley was frequently shaken with great \iolence 
and, as previously mentioned, only the verj' sparse population 
prevented a great loss of life. In 1886, the south Atlantic 
coast of the United States was shaken by tbe Charleston earth¬ 
quake, which did great damage in that city and was felt over an 
area of 2,000,000 square miles. In 1884 and again in 1929, 
earthquakes originating in the bed of the Atlantic did great 
injury to the submarine cables and were quite strongly felt in 
Nova Scotia and Cape Breton, though not doing much damage. 
South Germany is the seat of many earthquakes, but none so 
far recorded have been violent. These are aU regions where 
strong earthquakes are very rare and there are many large areas, 
such as the Great Plains of North America, the “Canadian Shield ” 
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of crystalline rocks, and others, where earthquakes are quite 
unknown. ^ 

The Effects and Concomitants of Earthquakes. The direct effects 
of earthquakes, from the geological point of view, appear to be 
comparatively small, but the concomitants, which are produced 
by the same agencies as produce the earthquakes and accompany 
them, are of very great importance. In mountain regions earth- 
quakes often cause landslips and rockslides on an enormous scale 
A striking example of this is the earthquake which shook north¬ 
western Greece in 1870, causing gigantic rockshdes. Valleys are 
blocked in this manner and converted into lakes by damming the 
streams. Many new lakes resulted from the Great Indian Earth¬ 
quake of 1897, and drainage lines, rivers, springs, and wells are 
often much changed in position by the shocks. 

\\Tiile the direct eflFects attributable to earthquakes are thus 
not very significant, the diastrophic forces which are the cause 
of earthquakes have other effects which are of the greatest geo¬ 
logical importance. These are the sudden changes of level, which 
may or may not be connected with the slow process of warping 
considered in the preceding section of this chapter. The sudden 
changes which are associated with earthquakes may be upward 
downward, or horizontal, and generally take place by means of 
faulting or dislocation on the two sides of a fissure. The cliff, or 
bluff, left standing after faulting, is called a fault-scarp, and great 
numbers of these, made in modem times, have been recorded, 
and similar ones have been produced in all ages of the earth’s 
historj'. 

Only a few of the more representative instances of modem 
faulting on land and in the sea-bed can be mentioned here, but it 
should be remembered that the number of these is very large and 
constantly increasing. 

The violent earthquakes of 1811 and 1812 in the Mississippi 
VaUey, which have lately been reinvestigated with very interesting 
results, were accompanied by a depression near New Madrid, 
Missouri, of 2,100 square miles, which is locally known as the 
“Sunk Countrj’,” and is largely flooded. Owens Valley in south¬ 
east California and east of the Sierras was violently shaken in 1872, 
with the formation of a fault 40 miles long and having a vertical 
displacement, or throw, varying from 5 to 20 feet. In 1887, the 
Sonora earthauake in Mexico and Arizona caused a fault with a 
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maximum throw of 20 feet, and the Sierra Teras, in Mexico, was 
probably uplifted in this movement, for there was a second fault, 
with opposite inclination, formed on the eastern side of that range, 
which thus seems to be a raised fault-block between parallel lines 
of dislocation. This structure is exemplified, on an immense 
scale, by the mountain ranges of the Great Basin in Nevada. The 
fault-scarp made by the Japanese earthquake of 1891 is 40 miles 
long and has throws more than 33 feet. In the Great Indian 
Earthquake of 1897 there were many changes of level, most of 



which were upheavals of as much as 24 feet, though there w’ere some 
depressions also. To a remarkable degree, the coast of Alaska, 
around Yakutat Bay, was affected by the great earthquake of 
1899, in movements which were chiefly those of elevation. On the 
west shore of Disenchantment Bay, where the maximum uplift 
of 47 feet took place, adjacent points on the beach showed dif¬ 
ferences of rise of six feet or more. At the same time, the neighbor¬ 
ing Yakutat foreland and the sea-bottom at the mouth of the bay 
went down as much as seven feet. In consequence of this earth¬ 
quake, the Alaskan glaciers flowed with notably increased velocity 
for several years. 

The San Francisco earthquake of 1906 w^as studied with unusual 
care by a State commission, which found that the disturbance was 
associated with the great San Andreas fault, w^hich skirts the coast 
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of northern California, passing inland at San Francisoo, idioiee 
it runs southeastward for the whole length of the state 
an undetermined distance, into Mexico. Vertical ^ 

the ground were small, not exceeding three feet, but the hoiinmtal 
dislocations were, though moderate in amount, of much 

geological interest. Horizontal movements of the ground are lea 
obvious and more difficult to detect and, for that reason, they have 
probably occurred much more frequently than has been reported. 



V . 


Fig. 68. 


shifted hoiixontsJly 15 feet, Saa f^anciaDii 
earthquake. * 




In 1906 conditions were particularly favorable in CalifondaM 
exact determination of the horizontal shifts because of the vol# 
of the United States Coast and Geodetic Survey before aiid i&s 
the disturbances. What seem to be permanent horisonlal dia^ 
placements of six to twenty feet were measured, roads and fehees 
broken and offset by that amount; mountain peaks 
Farallones Islands, off the Golden Gate, were shifted hy 
spending amounts. What was especially significant was 
that the movement was in opposite directions on the two sidsa^ 
the fault; on the eastern side, the shift was southward and inrite 

western side it was northward. 

In the Japanese earthquake of 1891, in the Neo 
in addition to the vertical fault-scarp previous^ 


V., 
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67) a definite horizontal movement, as shown by several land¬ 
marks, and it appears in the offset road at the top and bottom of 
the scarp. Similar offsets were reported after the quake in Owens 
VaUey, California, in 1872, in Sumatra in 1892, and in India in 
1897. Iq latter, railroad lines were so compressed as to be 
thrown into meanders (Fig. 69), which implies a shortening of the 
distance between the end points. 

For some u nkn own reason, many faults in the sea-bed, which 
have been made in modern times, have much greater throws than 
those which have been reported from the land. As the sea does 

not wear away its own _ 

bed, except near shore, 

fault-scarps remain ^ _ 

standing as lines of ' "-— I 

cliff for indefinite peri- — I 

ods of time, and many ^___ 

of the scarps which — ^ | 

have been revealed by - ] 

sounding are of un- - ~ [ 

known geological j - N 

dates, while others ip— ^ 
have been formed in g; i y —LJ I 

association with mod- y L— ———I 

em earthquakes. The / // ^ \| 

sea-bottom off Greece 

and the Greek islands t- r> i j j ■ u 

Fig. 69. — Railroad made sinuous bv compression, 
has been much broken *■ Great Indian Earthquake ” of 189'7. (Oldham) 

up in recent times, for 

the laying of submarine cables and repairing them after earthquake 
ruptures have made necessary repeated surveys of the bottom 
by soundings, and these have revealed some remarkable changes. 
A scarp of 1,400 feet in height off the west coast of Greece w'as 
found to be increased to 2,000 feet after the earthquake of October, 
1893. In 1878 the cable from the mainland to Crete was ruptured 
in two places by a violent earthquake and the sea-floor was so 
broken up that it was necessary to make a long detour in relaying 
the cable. An earthquake in August, 1886, broke the cable from 
the island of Zante to Crete and, at the place of rupture, the depth 
of water was increased by 1,300 feet. The cable from the Lipari 
Islands to Sicily has been repeatedly broken at the same point. 


/- 


Fig. 69. — Railroad made sinuous by compression, 
‘‘Great Indian Earthquake” of 1897. (Oldham) 
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tvere recorded by some of the seisinoeraphs and accounted ut the 
difference in time between several of the breaks: ’‘More than 
twelve hours elapsed between the wid(dy -eparau*d e;i-Tern and 
western breaks on a single cable.” The ruptun-s occurrcii over 
an area of about 370 
miles north and south 
bv 300 miles east and 
west. The area shaken 
probably extended 
much farther south, 
but there was no cable 
to indicate it. 

The German naval 
vessel Meteor made 
soundings in the south 

Atlantic in 1925 and, 

as yet, only prelimi- 
nar}’ announcements 
of the remarkable re¬ 
sults have been pub¬ 
lished. Near St. Paul's 
Rocks, which are al¬ 
most on the equator, 
vertical scarps of more 
than 2,000 feet in 
height were revealed. 

The broken-up condi¬ 
tion of the Atlantic 
floor in the equatorial 
region had been pre¬ 
viously reported, but 
it is very surprising to 
learn the tremendous 
carried on. 



Fig. 71. — Eur^ti.-surf' tillt-d wcii s-.n'l. 

Charic.'Tnii. Mo.. New Mii'ind t-iir*‘-f 

ISll-12. 'PhoGigraph bv F'illrr. I . S. Ci. S. 


scale upon which the faulting had been 
The geological dat(* of tlu< great series of dislocations 
is not definitely known, but, from indirect evidence, it may Ik* in¬ 
ferred that it took place early in tin* Tertiary pt-riod. 

Cau-'ies of Ldrihiuake^'-^. The immediat(‘ or [)roximat(* cau>e' of 
earthquakes are, it is beli(*ved, bett(T und(a'st(jod than tho>e of 
the other subterranean manifestations, but the ultimate causes 
and the relations to those other agencies are still largely obscure. 
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From the point of view of causation, earthquakes are divisible 
into two classes, (1) the volcanic and (2) the tectonic, 
is not always possible to say to which of the two a given quake is 
referable. 

1. Volcanic: Earthquakes are due to gas explosions and readjust¬ 
ment of magmatic masses in volcanic foci. A great volcanic 
eruption is almost invariably preceded and accompanied by earth¬ 
quakes, often of extreme \iolence. The shaking of the ground 
which precedes an eruption usually becomes more and more violent 
until the volcano breaks out, when the quakes diminish and die 
away entirely with the close of the eruption, and aftershods 
seldom occur. However violent in the neighborhood of Uie 
volcano, earthquakes of this class are seldom propagated to any 
considerable distance and the shaken area is more or less circular 
in shape, with no axis greatly exceeding the others in length. 

A typical volcanic quake was that which shook the island of 
Ischia, in the Bay of Naples, in 1883. Though terribly violent 
on the island, completely destroying the town of Casamicckda, 
with great loss of life, yet at Naples, only twenty-two miles away, 
the shock was hardly felt at all. The eruption of Mauna Loa in 
1868 on the island of Hawaii, the most tremendous that has been 
observed by white men, was preceded for six days by earthquakes 
of gradually increasing force, until they became incredibly vkdoit 
and destructive. When the eruption began, the earthquaks 
quickly died away. Excessively violent as these shocks wan, 
they were alm ost confined to the southern half of the island and 
did little damage elsewhere; 150 miles away, the sho<^ were hardy 
sensible. Most Central American earthquakes are of this type, as 
are also those at the base of ^tna, Vesuvius, and other vdcanoea 

The first sign of awakening given by Vesuvius, donnani for 
unknown centuries, was in the year 63 a.d., when a series of vkdot 
earthquakes wrought such destruction in Pompeii that the peiqde 
considered abandoning the site altogether. From this plm they 
were dissuaded by the Roman Senate, which voted a grant in aid d 
rebuilding the much-damaged city. The reconstruction was atffl 
incomplete when the final catastrophe befell the town in 79 and 
buried all but the upper stories of the houses out <rf si^t The 
visitor of today may see many signs of incomplete rebniM^ •• 
well as the new construction which was under way at the time« 

eruption. 
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2. Tectonic Earthquakes are far more numerous than the volcanic 
and are produced when accumulating stresses in the earth’s crust 
finally grow so great that the rocks are fractured and dislocated, 
jnelding with a sudden jar, which sets up the elastic waves of an 
earthquake. Tectonic quakes are, in almost all instances, due to 
faulting, though the fault is not always visible on the surface, and 
are prolonged for great distances, hundreds of miles, it may be, 
along the line of fracture, while transversely to this line, the effect 
speedily dies away and ceases. The shocks may be due to renewed 
movements along an old line of fault or to the formation of a new 

one. The California earthquakes of 1868, 1872, and 1906 are all 
referable to the great San Andreas fault. 

The careful study of the quake of 1906 suggested the elastic 
rehound theory of tectonic earthquakes, as it is named by Pro¬ 
fessor H. F. Reid. For an unknown jseriod the rocks in California 
along the San Andreas fault have been subjected to cumulative 
stresses, until, in April, 1906, the resistance of the crust was over¬ 
come and then came a new fracture or a sudden slip along an old 
one. The crust, suddenly reheved of the stress, snapped back 
towards its original position, with a jar that set up the elastic 
seismic waves of the earthquake. As already mentioned (p. 170), 
the movement of the ground was in opposite directions on the two 
sides of the fault, as it also was along the fault line of the Japanese 
quake of 1891. The elastic rebound theory explains the phenom¬ 
ena of tectonic earthquakes very well, though it is severely criti¬ 
cized by some authorities. 

Areas where great heights of land pass by very steep grades to 
great depths of sea are particularly regions of frequent and violent 
earthquakes, because on these steep slopes the rocks are under 
^rpetual stress of gravity, tending to pull them down into the 
deeps. The west coast of South America where very high moun- 

shore-line, and so narrow is the continental 
shelf that the deep sea is within ten miles of the land, is the seat 
of many and violent earthquakes. In the south Pacific, the Tonga 
submanne plateau, from which rise the Tonga and Kermadec 
islands, has the profound abyss of the Tonga Deep at its eastern 
Me. bumJarly, near the eastern edge of Japan is the Tuscarora 
iJeep, in which soundings of 4,655 fathoms have been made All 
tne^ areas are subject to most violent earthquakes, in remarkable 
contrast to the Atlantic coasts of North and South America. 
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western Europe, and eastern Australia, where earthquakes are 
relatively rare and where the slopes are only one-third to one-t«iUi 
as steep as along the Pacific. In the Grand Banks Earthquake of 
1929, and that of 1884, which were so destructive to the caUes 
the breaks were not along the continental shelf, but in deep water 
at the foot of the continental slopes. 

To this extent, earthquakes have been reasonably explained 
but the further question, how the stresses within the earth’s crust 
are generated, cannot yet be definitely answered. Until a few 
years ago, the solution of this problem seemed to be quite simple; 
the earth was beUeved to be losing heat by radiation and therefore 
to be contracting. Contraction produced the stresses, which, in 
turn, were the cause of earthquakes, diastrophism, crumpling 
and folding of the rocks, the formation of mountain ranges, and 
many minor phenomena. When the rocks yielded gradually 
and without fracture, diastrophic up warping and downwarping 
resulted ; when they resisted until stressed beyond their strength, 
the sudden fracturing produced earthquakes, and the changes of 
level and position associated with earthquakes resulted. 

The contraction theory, which seemed so satisfactory an expla¬ 
nation of many geological processes, has been, to a great extent, 
abandoned by geologists. The problem cannot be further dis- 
cussed here, but it will be shown in subsequent chapters (XVIII 
and XXI) that the abandonment is perhaps premature and that 
it may be necessary to return to this conception. 
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CHAPTER X 

THE SEDIMENTARY ROCKS 


The sedimentary rocks are especially characterized by their 
stratification, or division into parallel layers or beds, essentially dif¬ 
ferent from the massive structure of the igneous rocks. In the 
first instance, at least, the materials of which the sedimentary 
rocks are made up were derived from the chemical decompositioa 
QP TTipph s^^^^ l disintegration of the igneous rocks. The compo¬ 
nent minerals are therefore simpler, more stable, under the con- 


itaining at and near the earth’s surface, and very mucli 
number than those of the igneous rocks. Sometimes, 


igneous minerals pass over into sedimentary rocks without other 
change than comminution, such as the flakes of mica, which are 
found in many sandstones. Save in the case of quartz, however, 
these minerals are insignificant in quantity. Quartz, being very 


hard and extremely simple and stable chemically, is not subject 
to decomposition in nature and is the only mineral which occurs 
largely in aU three classes of rock. The principal minerals of the 
sedimentary' rocks are quartz, clay, and calcite, more or less mingled 


with other minerals. 

Though the chemical precipitates are crystalline, being deputed 
from solution in water, the overwhelming majority of sedimen¬ 
tary rocks are made up of pieces of older rocks of aU jmm 
microscopic fineness to great boulders of many tons weight. They 
are, therefore, said to be fragmental, or dastic, m texture; tens 
sedimentary', fragmental, clastic, secondary, derivative, ^Med, 
are all synonj'mous terms and are interchangeably used, teoi# 
there are shades of difference among them and none of them ifi 


entirely satisfactory. ^ uvw 

Such igneous rocks as contain quartz yield that mmeral mtho 

further change than breaking up into smaller piecM. Clayj 

derived prmcipaUy from the decomposition of the fddsf^ M 

other mineraU containing the sUicates of slummiam <>1» gW 



iruii Ait I ±tutJJ:tJ5 i/y 

rise to clay. Mud, which is the name for mixtures of minerals in 
a very fine state of subdivision, but not decomposed chemically, 
is also an important constituent of sedimentary rocks. Calcite 
and other calcareous minerals of the sedimentary rocks, though 
ultimately derived from igneous rocks, are usually accumulated by 
organic agencies, and the immense masses of carbon and the hydro¬ 
carbons, which are of such enormous economic importance, are 
likewise of organic origin. 

Because of the manner in which their materials are supphed, 
sedimentary rocks are called secondary, or derivative, rocks. They 
are laid down, for the most part, under water, though wind-made 
accumulations on the land are also of some geological importance, 
and the manner of their formation, as will be subsequently ex¬ 
plained, produces stratification, or bedding, as a necessary conse¬ 
quence. Deposits made by flowing ice, or glaciers, are not strati¬ 
fied, being exceptional among sedimentary deposits. Sediments 
accumulate in all sorts of water bodies: in rivers, lakes, and, above 
all, in the sea. The mode of deposition is (1) mechanical, the 
manner in which by far the largest number of sedimentary rocks 
biave been formed; (2) by chemical precipitation, a comparatively 
un i m portant method; (3) by organic accumulation, a method 
svhich, though of supreme economic impnirtance, is quantitatively 
nuch below the mechanical method of deposition. 

The classification of the sedimentary rocks is, at present, made 
iccording to their mode of formation and, secondarily, according 
o their chemical constitution, but this scheme is unsatisfactory 

ind will probably be replaced by a better one, as knowledge 
lecomes more complete. 

A. Aqueous Rocks 

The rocks which were accumulated under water and, especially, 
inder the sea are by far the largest part of the sedimentary class! 

I. Mechanical Deposits 

These have been formed by the accumulation of debris, derived 
"om the destruction of preexisting rocks, carried in mechanical 
jspension by moving water, streams, waves, or currents, and 
ropped when the velocity of the water was no longer sufficient 
> carry them. The particles, or fragments, large or small, are 
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usually more or less rounded by abrasion and are sorted according 
to the coarseness or fineness of the fragments. The sorting is often 
surprisingly complete, both as to the size of the particles and their 
chemical composition, but often mixtures occur and the transition 
from one kind of sediment to another is so gradual as to be imper¬ 
ceptible. The study of the processes now in operation will show 
that mechanical deposits are forming at the present time and in 
bodies of water of all kinds, and similar accumulations have been 
made since the beginning of recorded geological time. Chemically, 
mechanical deposits are of two principal kinds; siliceous, or sandy, 
and argillaceous, or clay and mud. 

1. SILICEOUS ROCKS 

The rocks of this group are formed predominantly of quartz 
in various states of subdi%-ision. Of the rock-forming minerals, 
quartz is the hardest and most indestructible and hence in the 
wear of a river channel, or by the pounding of surf on a beach, 
quartz will be reduced to pebbles and sand, when the more de¬ 
structible, associated minerals are ground into fine silt, or de¬ 
composed into clay. Small quantities of other minerals, in fine 
particles, are frequently present in siliceous accumulations. 

1. Sand is a loose, uncompacted mass of quartz grains, coarse 
or fine and more or less angular. River sands and those formed by 
the atmospheric disintegration, or iceathering, of rocks commonly 
have more angular grains, because of the splitting of the quartz 
fragments along preexisting flaws. Desert and wind-blown 
sands have more rounded and finer grains, due to mutual attrition, 
and, under the microscope, many of the grains are seen to be pitted. 
Beach sand is somewhat rounded by the grinding of the waves. 

Properly speaking, the term sand should be used only for loose, 
granular masses of quartz fragments, but any granular aggrega¬ 
tion may be so called, because it resembles sand in appiearance. 
Thus, we have shell sand and coral sand, which are made of cal¬ 
careous grains, and green sand, a mass of glauconite grains; with- 

out profiXj tho word sofid ni03.ns QU^irtz grains. 

2. Sandstone is a rock of varying degrees of hardness, which^ 
made up of grains of sand held together by some cementing sub¬ 
stance. The commonest cements are the oxides of iron, calaum 
carbonate, and silica. The sandstones with calcareous 
weather ranidlv and crumble into sand. Ferruginous sandstones 
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are cemented with iron compounds, usually haematite (Fe 203 ) or 
limonite (2 Fe 203-3 H 2 O), and are more brightly colored red, yellow, 
brown, or gray. These rocks are much more durable than the lime- 
cemented sandstones and ^ueld excellent building stone, but, under 
soil and near the surface, the iron cement is dissolved and the rock 
disintegrates. ^lost durable and hardest of all are the sandstones 

with silica cements. 

Varieties of sandstone are produced by the conspicuous admix¬ 
ture of other minerals. A micaceous sandstone is one with flakes 
of mica deposited along the stratification planes. Argillaceous 
sandstone is one composed of finer sand grains than the more typi¬ 
cal sorts, contains a considerable quantity of clay, and is, in general, 
more thinly bedded. The jlagstorws, so largely used for pa\dng, 
are examples of such rock; they may be spht into slabs of almost 
any size and thickness. Feldspathic sandstone, or arkose, is com¬ 
posed of varying proportions of finely divided feldspars mingled 
with sand and cemented into hard rock. Sometimes the material 
is almost entirely' feldspathic. 

3. Graywacke, a naturalized German word “applied to feld¬ 
spathic or tuffaceous grits and coarse sandstones, usually dark in 
color, which are strongly cemented . . . and occur characteristi¬ 
cally among the older formations.” This is the ordinary 
definition (Holmes); quite a different one is the following: 

“A variety of sandstone composed of material derived from the 
disintegration of basic igneous rocks of granular texture, and thus 
contains abimdant grains of biotite, hornblende, magnetite, etc. 
It is the ferro-magnesian equivalent of arkose.” (Twenhofel.) 

4. Gravel is a mass of pebbles, varying in size from a pinhead to 
a cobblestone; very coarse gravel, of cobblestone size, is called 
shingle, especially in England. Pebbles are most frequently of 
quartz, because of the superior hardness of that mineral, but they 
may be of almost any*" rock material that is not too soft. Pebbles 
of slate, limestone, sandstone, and the like are commonly flat and 
discoidal, being pushed along the bottom and worn on one side, 
then turned over and worn on the other. The gravel beach on 
Lake Ontario, shown in Fig. 157, is covered with flat, discoidal 
pebbles. Pebbles of quartz, granite, and other hard materials have 
a rudely spheroidal shape. They have been rolled over and over, as 
one may see by watching a retiring wave on a sloping beach. 
Gravels with rounded pebbles are made by streams, lakes, and the 
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sea, and thus may be found extensively m both marine and hcdi> 
water deposits. Desert pebbles are characterized by their peculiar 
shapes, produced by the drifting sand. Elongated shapes and 
angular edges {Dreikxinier in German) are due to wind sculpture. 

5. Conglomerate (or pudding stone) is cemented gravel, the 
pebbles embedded in a matrix of consolidated sand. The proper, 
tions of the two constituents vary from a pebble sandstone to a 
pudding stone with very httle sand. Different names are given 
to conglomerates in accordance with the material of the pebbles 
as quartz conglomerate, flint conglomerate, limestone conglomerate, 

granite conglomerate, etc. 

6. Grit is a hard, densely cemented conglomerate of very amufl 
pebbles. Such rocks were once much used for millstones. 

7. Breccia is a cemented mass of stone fragments, which differ 
from the pebbles of a conglomerate in being angular, not rounded 
and water-worn. The fragments may be of any kind of rock and 
the matrix is deposited between the fragments from mineral matter 
in solution. Fault Breccia is made by the grinding together of the 
two walls of a fault, detaching great numbers of angular fragments, 
which are subsequently cemented, usually by caldte. 

8. Till, or Boulder Clay, is the iinstratified drift deposited by 
glaciers, made up in irregular mixture of fine and coarse partides, 
pebbles, cobbles, and great boulders. 

9. Tillite is a geologically ancient till which has been cemented 
into a firm rock, and may have been folded, jointed, and deaved. 

2. ARGILLACEOUS ROCKS 

1. Clay — Mud. Clay consists of kaolin, etc., in various pro¬ 
portions, but nearly always with large admixtures of other 
minerals. Kaolinite is hydrated aluminium silicate and is derived 
chiefly from the chemical decomposition of the feldspars and feld- 
spathoids. The great economic importance of day is due to its 
plasticity and to its becoming hard and solid when fired at a 
temperature high enough to expel the water of compxrsitiotL day 
occurs in very different degrees of purity. Kaolin, or jjorcdiun 
clay, is nearly pure. Potter’s day contains a quantity of very findy 
subdivided sand and other substances; earthenware and stone¬ 
ware are made from this. Brick clay may have as little m 14 per 
cent of kaoUn, sand and compounds of caldum, magnesium, and 

1 • __4. imn is nTASdlt* thc 
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bricks turn red on firing, whatever the color of the clay, because 
the ferrous iron is oxidized to haematite. The iron, magnesia, and 
lime in brick clay act as fluxes and cause the clay to fuse at much 
lower temperatures than kaolin will do. Even in the relatively 
moderate heat of brick-kilns the bricks may be made to fuse on the 
outside and thus glaze themselves. Such semi-vitrified bricks, as 
they are called, are exceptionally hard and are extensively used for 
paving in regions where there is no stone. 

2. Fire-day is a nearly pure mixture of clay and sand, the 
fluxes, iron, magnesia, and lime being absent, or present in very 
small quantities. Such a clay burns to white or very pale buff 
bricks, which will endure very high temperatures and are used to 
line stoves and blast furnaces. An open fireplace backed with 
ordinary red brick will disintegrate and crumble after a few win¬ 
ters, while one lined with fire-brick will last indefinitely. Fire¬ 
clay very generally is found beneath coal-seams, being the ancient 
soil in which the coal plants grew. Such ancient soils are often 
hard rocks and must be ground up for use. 

3. Mud differs from clay in having no definite chemical com¬ 
position, being composed of many finely subdivided minerals. The 
muds which are deposited on the sea-floor in moderately deep water 
are, for the most part, made up of a mineral flour, without decom¬ 
position of its constituents; on land, wet soils, other than sandy 
ones, are called mud. Wet mud is less plastic than clay and, when 
fired, does not harden and solidify, but crumbles to dust. 

4. Mudstone is a rock composed of hardened clay, or feldspathic 
mud, or a mixture of both, with more or less other minerals also. 
When exposed to the weather, mudstone breaks down rapidly. 

5. Varved days occur on a very extensive scale in glaciated 
lands in both northern and southern hemispheres; the conspicu¬ 
ous banding is due to seasonal deposition which took place in gla¬ 
cial waters in summer but ceased in winter. Varve is a Swedish 
word and means the deposit of a season, whether of winter and 
summer, wet and dry seasons, high and low water, or other regu¬ 
larly recurrent conditions of weather. Varved clays and shales 
are typically those deposited in glacial waters, but also were formed 
in lakes and, in some cases, are of very great geological antiquity. 

6. Shale is a finely stratified or laminated clay, or mud rock, 
formed by the consolidation of mud and silt. Paper shales are so 
called because the laminae are no thicker than sheets of stout paper 
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and often represent varves. The Green River Shaka of 
ming, Colorado, and Utah, which are of early Tertiary 
conspicuously banded, with 30 or 40 laminae to the inch ; 
interpreted as non-glacial varves. Most shales are quite soft aad 
weather into innumerable fragments, but some are very hard 
so durable as to be valuable building stones. Bttuminowt «hale 
colored dark or black by organic matter. Oil shaU jneld* petro¬ 
leum on distillation, and when occurring in quantity, forms a vsIq. 
able reserve supply. Ordinarily, shales contain more or less 
sand and, as this increases in quantity, they pass gradually into 
arenaceous shales and argillaceous sandstones, or, by increaae of 
calcareous matter, into limestone. 

7. Argillite is a clay rock which is ver>’ much harder and 
than shale and in which the lamination is less distinct. The 
cementing substance is either silica or one of the many iron 

and the rock is so hard that the pre-Columbian Indians of the 
Delaware Valley used it for weapons in place of flint. 

8. Marl is a clay containing calcium carbonate in large propor- 
tion ; exposed to the weather it rapidly crumbles. In New Jeraey, 
the term marl is inaccurately applied to the so-called green imuwI 
itself a misnomer, for it is composed of grains of glauconite, not 
quartz. 

II. Chemical Precipitates 



The rocks of this group are, with few exceptions, of restricted 
extent, and not at aU comparable to the great masses of mechaniol 
and organic accumulations. Precipitation from solution tain 
place conspicuously only around the mouths of certain daaaes of 
springs and in salt and saHne lakes that have no outlet. There is 
some precipitation in the sea, but relatively on a very small scale. 


1. PRECIPITATES OF THE AEKAL IS AXO ALKALINE EABTHB 

1. Calcareous Tufa, or Sinter, Travertirie, Stalagmite, Onft 
Marble, are all forms of calcium carbonate deposited from sidatioii 
in water around springs, in streams and lakes, and, in lime^one 
caverns, by waters percolating through the roof. The deporito 
consist of calcite, or, sometimes, of aragonite, are often very pore 
and of a white color and more or less translucent, though they may 
be stained by other substances. In structure they are banded and 
stalactites show rings of growth; often a travertine incto*s ia* 



numerable small cavities, as in the rock from Tivoli, near Rome, 
which has been so largely used as a building stone in both ancient 
and modem times. The so-called “Mexican onj-x,” or “onj^x 
marble,” is a beautifully banded, translucent travertine found in 
ancient spring deposits. The terms calcareous tufa or sinter are 
synonyms of travertine. 

Travertine is of small extent, but immense thicknesses of it may 
be accmnulated, as at Tivoli. In the Yellowstone Park are the 
famous travertine terraces of the Mammoth Hot Springs, where 
microscopic plants are largely concerned in forming the precipitate 
and in producing the remarkable colors of the active part of the 
deposit. Where the water no longer flows, the travertine is snowy 
white and speedily crumbles under the action of the weather. 

2. Oolite is a limestone made up of minute spherules of calcium 
carbonate, cemented into a compact mass, somewhat resembhng 
fish-roe, whence the name, which means “egg-rock.” Each 
spherule is composed of concentric layers of calcite, deposited from 
solution around some nucleus, such as a particle of sand, or dust, or 
a calcareous fragment. The beach rock of a coral reef is made in 
this way and travertine often has an oolitic structure. When 
the spheres are larger, like peas in size and shape, the rock is 
called a pisolite. 

3. Gypsum (CaS 04 • 2 HjO) is a salt lake deposit and resembles 
a limestone in appearance, but is much softer. TMiite when 
pure, it is often stained gray, brown, or red by iron solutions, 
or black by organic matter. The beds are compact, fibrous, or 
crystalline-granular and portions of the beds may be made up of 
transparent crystals of selenite. When heated so as to drive off 
the water of composition, the gypsum becomes the familiar plaster 
of Paris. More or less associated with gj-psum are deposits of 
Anhydrite (CaS 04 ), the anhydrous sulphate which, when made in 
the laboratory, is precipitated from hot solutions. 

4. Rock Salt (NaCl) is thrown down from the dense brine of 
salt lakes, when evaporation has concentrated the solution to 
the proper degree, and follows the deposition of gjTJsum, which 
explains the very common association of the two in successive beds. 
The salt may be present as an ingredient of shale (saline shale), 
or in thin layers, indicating brief periods of deposition, followed by 
freshening of the water. It may also occur in enormously thick 
masses from which commercial salt is obtained by refining. Under 
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the North German plain, Poland, and Austria are immense bodies 
of salt, the thickness of which is tmknown, as borings of 4,000 feet 
have failed to pass through them. When pure, rock salt is tiMis- 
parent and colorless, but frequently it is stained by iron or 
with fine mechanical sediments. 

5. Potussiu rn Salts. A few deposits of rock salt, such as those 
of Prussia (at Stassfurt), Alsace, and Cordova in Spain, are capped 
by compound chlorides of potassium, magnesium, and caldum, 
which must have required evaporation to complete dryness, siniie 
the chlorides of potassium, calcium, and magnesium are so 
extremely soluble that lumps of them dissolve in the water which 
they absorb from the air. The important potassium-bearing 
minerals in the salt beds are Sylvin (KCl), Camalite (KQ, 

MgCL, 6 H 2 O), Kainite (KCl, MgS 04 , 3 HjO), Polyhalite 

(2 CaS 04 , IMgS 04 , K 2 SO 4 , 2 H 2 O). These minerals usually occur 
mingled with more or less rock salt, seldom by themselves. Before 
the W'^orld War, the Germans had a monopoly of commercial 
potash, so indispensable in agriculture and many industrial pro¬ 
cesses, and the very high prices consequent on the blockade made 
possible the exploitation of sources of potash which, in time of 
peace, would be altogether unprofitable. On the Padfic Coast, 
kelp, a seaweed, was used, as were the saline lakes of Nebraska and 
the green sand beds of New Jersey. Deep borings in Texas and 
New Mexico indicate the existence of potassium compounds in the 

salt bodies. 

6 . Green Sand. As already indicated, this term is a misnomw, 
given because of the granular nature of the material. The gtdns 
are soft and friable and consist of the mineral glauconite, a hydrated 

silicate of iron and potassium. 

2 . SILICEOUS PRECIPITATES 

These are comparatively so rare and of such small extent that 

they hardly deserve the name of rocks. 

1. Geyserite, or Siliceous Sinter, is deposited from solution in flie 

hot alkaline waters of geysers, themselves a very rare pheimmenoa 
Deposition is due partly to evaporation of the water, pa^y t^ 
action of .41g®. In the YeUowstone Park the geysers have taill 

up quite extensive terraces of this hard, flinty rock. 

2 Chert {Flint or Homstone) forms exceedingly dense Md 1^ 
.rr«inpd masscs which. Under the microscope, are seen to be made 
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up of very minute grains of chalcedony and crj^stals of quartz, with 
more or less amorphous silica. The mode of origin of these masses 
has not been satirfactorily explained, but, in many instances, they 
were formed in the sea. 

3. FERRUGIXOUS PRECIPITATES 

1, Bog and Lake Iron Ore. Ferrous carbonate (FeCOs) is solu¬ 
ble in water containing carbon dioxide; springs containing suf¬ 
ficient quantities of dissolved iron to be perceptible to the taste are 
called chalybeate. In lakes and open w’aters, where the iron solu¬ 
tions are brought into contact with the air, the carbon dioxide is 
given off and the iron oxidized to haematite or limonite. At the 
bottom of bogs, where there is httle free oxygen, the iron is 
deposited by concentration as siderite (FeCOz). 

2. Marine Iron Ores. The formation of iron ores upon the bot¬ 
tom of the sea has not been observed in Recent times, but in 
ancient sedimentary rocks immense deposits of iron ore are found 
under conditions which point to precipitation on the sea-floor, 
chiefly of haematite, but also of siderite. Excellent illustrations 
of these marine ores are found in the Clinton stage of the Silurian 
system, interstratified and embedded in ordinary sediments, 
chiefly shales and sandstones, are oolitic and “fossil” haematites, 
the spherules and grains of which are made up of concentric shells, 
like those of the calcareous oolites. In the Ordovician of New¬ 
foundland the Wabana ores are ver^' much hke those of the Clinton 
stage, oolitic in structure and consisting chiefly of haematite and 
some siderite. There can be no doubt that they were formed in the 
same way, and in both the Clinton and the Wabana, the iron is 
deposited, in concretionary fashion, around fragments of fossil 
shells, quartz grains, or other nuclei. The important clay-iron¬ 
stone ores of the Cleveland district in England are siderites mixed 
with clay and are of marine origin. 

III. Organic Accumulations 

The organically formed rocks are those of which the materials 
were accumulated by animals or plants. After the death of the 
organisms, more or less of their substance was preserved, added 
to by successive generations, and finally compacted into rock, 
sometimes extremely hard. The processes of accumulation may 
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be observed to-day in peat-bogs on land, in lakes, and in the shell- 
banks, coral reefs, limestone plateaus, and oi^anic oozes of the 
sea. Similar processes have been going on in all the recoided 
periods of the earth’s history since the first appearance of life on 
the earth, and many organically formed rocks, of vast extent tod 
thickness, are now a part of the earth’s solid crust. 

1. CALCAREOUS ACCUMTTLATIOXS 

1. Limestons is a ver^’- common and widely distributed rock of 
great economic importance. It is composed of calcite (CaCOj) 
in different degrees of purity, from 40 per cent to more than 98 per 
cent, and varies greatly in hardness, fineness of grain, and degree 
of ciy^stallization, for limestone is the only sedimentary rock, not 
precipitated from solution, which is often crystalline. Calcite 
frequently crystallizes from the action of water, as may be observed 
in modem examples, and thus a ciystalline limestone is not always 
a true marble (q. r.). Sand or, more frequently, clay is a com¬ 
mon impurity and, by gradual increase of clay, a bed of limestone 
maj’ be traced laterally into shale and an arenaceous limestone into 
a sandstone. 

In many varieties of limestone, the organic nature of the rock 
is ver 3 ’ clearly shown, shells, corals, crinoid stems, Foraminifera, 
and the like appearing conspicuously, especially on weatheied 
surfaces. Sometimes the organic nature of the rock can be demon¬ 
strated only with the microscope, and often the calcareous mate¬ 
rials have been so completely ground up by the action of the waves, 
or so reconstructed by ciy^stallization, that aU trace of organic 
structure has been destroyed. The example of the crystalline 
rock now forming in coral reefs clearly indicates that the absence 
of organic structure, even microscopic, is no proof that the rock 
is not of organic origin. Aside from Pre-Cambrian rocks of uncer¬ 
tain origin, the great limestones of wide geographical extent are 
all of marine origin, in striking contrast to the travertines and 
other chemical calcareous deposits which are always local, although, 
as at Tivoli, they may be very^ thick. 

As 1 rule limestones are laid down in deeper water than sand¬ 
stones and shales, but not necessarily so, freedom from* large 
amounts of clastic material being more important than depth of 
water or distance from land. In the Gulf of Mexico and in tte 
Bahamas are great calcareous banks, such as the Pourtalte Ha- 
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teau, which form in quiet shoal water, and reef-corals cannot grow 
in water more than twenty fathoms in depth. 

No satisfactory classification of limestones has yet been made; 
mode of formation, purity, texture, and the nature of the organic 
material are all employed for different purposes. 

2. Shell Marl is an incoherent and crumbling rock formed from 
the accumulation of fresh-water shells at the bottom of lakes and 
ponds. When found, as it often is, beneath a peat-bog, in which 
molluscs cannot live, the shells indicate that the bog was made 
from a pond, or lake, by the growth of plants. When the shells are 
cemented together into a firm rock, it is called a fresh-water lime¬ 
stone, but such rocks are of small extent and thickness in compari¬ 
son with those of marine origin. 

3. Chalk is a soft, earthy limestone, frequently ver>^ pure and 
white, pale gray, or buff in color. Chalk dust, under the micro¬ 
scope, is seen to be made up of the shells of Foraminifera, closely 
resembling the Globigerina oozes now forming on the sea-floor at 
depths of 400 to 2,900 fathoms. There is one important differ¬ 
ence, however; chalk is not a deep-sea deposit, but, as is shown 
by the fossils contained in it, was accumulated in water of moderate 
depth. A chalk-like deposit is found in certain coral reefs, formed 
by the consolidation of finely comminuted coral mud, but, micro¬ 
scopically, this deposit is entirely different from true chalk. 

The greater part of the limestones is of animal origin, but the 
calcareous sea-weeds, which are so like corals in appearance that 
they were formerly supposed to belong to that group, have con¬ 
tributed very largely to the making of limestones. It is not defi¬ 
nitely known whether chemical precipitation of calcium carbonate 
takes place in the deep sea. In shoal water, near the mouths of 
rivers which carry large quantities of CaCOs in solution, such pre¬ 
cipitation is known to occur, but there it is rather a cement for 
sandstone than a calcareous deposit. The role of bacteria in form¬ 
ing calcareoTis deposits in the sea is still debatable. 

4. Dolomite and Magnesian Limestone are rocks which are stiU 
imperfectly understood. They are composed, in varjdng propor¬ 
tions, of calcium and magnesium carbonates, MgCOa; nearly all 
limestones contain some magnesium carbonate, but the name 
dolomite is used only for those rocks which have a large magnesian 
content. The rock may be composed entirely of the mineral dolo¬ 
mite, which is a double carbonate; in such a case the proportions 



iJ\ TliUD UUTION TO GEOLOGY 


19U 


of the two carbonates are CaCOs 54.35 to MgCOa 45.65, but su h 
rocks are rare and nearly always there is a greater or l4s admjl 
ture of calcite, and magnesian limestone is the term employed fo' 
low percentages of magnesium. 

Most of the great dolomites which are found in formations of 
nearly all the principal divisions of geological time were originallv 
marine limestones of ordinary type and were converted into dolZ 
mites subsequently by solutions of magnesium salts, since no ma- 
line animals have shells or tests with so high a proportion of magne¬ 
sian carbonate. Dolomitization may be observed as going on in 
the lagoons of coral reefs at the present time and the lower parts 
of many modem reefs are dolomitic, but the method of effecting 
the change is not well understood. So far as the great, organica^ 
formed limestones are concerned, dolomitization must have taken 
place after the formation of the rock. In the famous Dolomites 
of the TvtoI, the coral reefs in the Triassic limestones have been 
dolomitized, a process faciUtated by the composition of coral, which 
is aragonite, and that is much more easily transformed than calcite. 
“The Carboniferous Limestone of England is also considerably 
dolomitized locally, and it has been noticed that this is specially 
prone to occur in the neighborhood of large open joints, where 
water can circulate freely.” (Rastall.) 

On the other hand, there is evidence that certain dolomites have 
been formed by chemical precipitation in salt lakes, especially 
those associated with rock-salt and gypsum, or anhydrite, as in the 
Triassic of central and southern Germany, and the same is, by some 
authorities, believed to be tme of the great magnesian limestone 
of Durham, in England. “It seems clear that the Magnesian 
Limestone as a whole originated in a basin of the Caspian type, 
since it contains marine fossils, and that that basin became more 
and more desiccated, till finally the highly arid conditions of the 
Trias prevailed.” (Rastall.) 


2. SILICEOUS ACCUMULATIONS 

The siliceous deposits of organic origin are much less common 
and far less extensive than the calcareous, because comparatively 
few animals or plants secrete shells or tests of siHca. 

1. Infu.^orial Earth is a fine white powder composed of the 
microscopic tests or frustules of the one-celled plants called 
diatoms. The extreme fineness and hardness of the minute parti- 
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cles make this an exceUent polishing powder. A celebrated deposit 

of this character occurs at Richmond, Virginia. 

2. Siliceous Oozes, such as are now forming in the profoundest 
depths of the sea, are made of the tests of Radiolaria. These 
are extremely rare as rocks of the land. UTien thoroughly con¬ 
solidated, Radiolarian oozes form cherts, the nature and origin 
of which are shown by the microscope. Very ancient rocks of 
this sort occur in the Alps and in Brittany and compacted deep- 
sea oozes, now on land, surround the Banda Sea of the East Indies, 
and in certain of the West Indian islands, notably in Barbados. 

3. Flint or Chert occurs in nodules or beds, especially in marine 
limestones, though sometimes it is found in fresh-water deposits. 
The microscope sometimes reveals sponge spicules and other sili¬ 
ceous organisms in chert and flint, but not always, and the struc¬ 
tureless cherts are believed to have been precipitated from solution. 
The radiolarian cherts were considered in the preceding paragraph. 

3. CARBON.\CEOUS ACCCMUL-VTION'S 

The rocks of this group are formed principally, and perhaps 
altogether, from vegetable matter which has undergone partial 
decay under water. As a result of progressive decomposition, the 
gaseous constituents of the plant tissues are diminished, while 
the proportion of carbon rises. This is not because the carbon 
increases, but because it is much more slowly removed than the 
hydrogen, oxygen, and nitrogen. Aside from petroleum, all 
varieties of carbonaceous rocks shade very gradually into one 
another, and from fresh vegetable matter to the hardest anthracite 
coal, there is an unbroken series of transitions, though it may be 
that instead of one such series there are several parallel ones, due 
to differences of original constitution. 

1. Peat is a partially carbonized mass of vegetable matter, such 
as accumulates under water in a bog. The fragments of plants 
are clearly shown and identifiable, but some of the material is a 
fin e black mud, carbonaceous and yet so thoroughly macerated as 
to show no structure, even under the microscope. This is called 
sapropel. Peat is much used as a fuel in open-grate fires, in coim- 
tries where coal and wood are rare and costly, but is not suited to 
industrial uses. 

2. Lignite or Brown Coal is more advanced in decomposition, 
is harder and more compact than is peat, and its vegetable struo 
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ture is less clearly shown, though still sufficiently obvious. Tl» 
lignites are, for the most part, of later geological date than theb^ 
ooals and are inferior as fuel; nevertheless, they form reserv^ 
great value. The brown coals of Germany occur in beds of incm^ 
ible thickness, as much as three hundred feet, and are of 
Tertiarv' age (Oligocene epoch), and in North America they folb^ 

the Rocky Mountain area from Texas into Canada and are for ttl 
most part, of late Cretaceous date of formation. ’ 


3. Coal is a compact, more or less hard, black or dark brown 
rock, in wliich vegetable structure cannot be detected by the una». 
sisted eye, though the microscope seldom fails to show it. Coal 
occurs in beds, or strata, or “seams,” as they are variously called 
int erst ratified with shale, sandstone, and, much less frequentl?' 
with limestone. The roof of a coal seam is usually a shale, made 
black by saturation with carbonaceous material and bearing no- 
merous plant-impressions. In the great majority of instances the 
coal-bed rests on a “seat-stone,” evidently an old soil with fossil 
roots, and consisting either of a fire clay, or a siliceous bed, com¬ 
pacted into hard rock. Thick beds of coal are often subdivided 
by verj' thin “partings” of sediment; it may be merely a film of 
clay. ^ er\’ frequently, however, a parting thickens in one direc¬ 
tion until it becomes a thick stratum. Thus, what is in one area 
a thick seam of coal may be traced continuously into another area, 
where the seam becomes several coal beds, separated by clastic 
sediments. 


The various kinds of coal vary much in hardness, structure, and 
chemical composition, but with the exception of cannel and bog¬ 
head, thej' are all connected by intermediate gradations. 

Bituminmis Coal, commonly called soft coal, is a term that coven 
many varieties, differing much in their value for different purposes. 
Disregarding the ash, bituminous coal has from 70 to 80 per cent 
of carbon and 20 to 30 per cent of volatile matter, chiefly hydro¬ 
carbons. When heated in a closed retort, the volatile matters are 
driven off as illuminating gas, coal tar, etc.; the hard residue, 
which is extremely porous, is coke, called gas-house coke, to dis¬ 
tinguish it from that made in coke-ovens. Such soft coals as yi^ 
a good quality of coke are called coking coals and may not differ in 
chemical composition from those which will not coke. The dif¬ 
ference is physical; coke must be hard and strong enough to sup¬ 


port the weight of the layers of ore, fluxing limestone, and fuel in a 



blast furnace. Observations have been made tending to show that 
coking coal is largely made up of woody tissue, but whether this 
is generally the case remains to be discovered. 

4. Anthracite is a hard, lustrous coal, that, aside from the ash, 
is nearly pure carbon, with very little volatile matter; it bums 
without smoke or flame and gives an intense heat. Semi-bitumi- 
ntms, or Steam Coal, is intermediate in character and composition 
between anthracite and bituminous; it bums with a long flame, 
which is very effective in the tubes of steam-boilers, whence its 


common name. 

5. Cannel Coal forms a very distinct variety, which does not 
fit into the series just enumerated. It occurs in lenticular patches, 
not in beds, and, though light and not very hard, is yet compact; 
under the microscope it is difficult to detect any vegetable stmc- 
ture. Cannel has 70 to 85 per cent of carbon and the remarkable 
proportion of 6 to 7 per cent of hydrogen, burning with a white, 
candle-like flame, which gives its name to this coal. Differing 
from what may be called the normal coals, cannel frequently con¬ 
tains fossil fiish, which indicates an unusual mode of formation. 

The following table (from Kemp) gives the composition of the 
typical coals, excluding ash: 


C H ON 

Wood. 50 6 43 1 

Peat. 59 6 33 2 

Lignite. 69 5.5 25 0.8 

Bitiuuinoua Coal. 82 5 0.3 0.8 

Anthracite. 95 2.5 2.5 trace 


While there is practical unanimity of opinion that coal is formed 
from accumulations of vegetable matter, there is less complete 
agreement as to the manner in which those vast accumulations 
were made. It must be remembered that a bed of coal has been 


greatly reduced in volume from the original vegetable substance, 
partly by the loss through decomposition, partly by compression 
from the weight of overlying material, and, frequently also, by the 
diastrophic compression of folding. So great is this loss, that a bed 
of bituminous coal represents only about one-fourteenth of the 
thickness of the original mass of dead plants. 

Many theories have been propounded to explain the formation 
of coal, but only two of these need be considered here. 


Peairbog Theory. American geologists are agreed that coal was 
derived from peat, which was accumulated in bogs, such as the 
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5\-ay. The vast extent, hundreds or even thousands of square 
aailes in area, the uniform thickness of indi\ddual coal seams, and 
their complete freedom from sedimentary impurities, such as sand 
3r clay, are verx' strong evidence for this theory. Additional 
veight is given to this \-iew by the seat-stone or under-clay, which 
is seldom wanting beneath a coal seam. This is an ancient root- 
hlled soil and, in many instances, tree-stumps, connected with 
these roots, rise up through the coal, which was accumulated 
around them, just as peat is now formed around the trunks of the 
cj^aress trees in the Dismal Swamp. 

Progressive differences in coal are, on this theory, explained as 
stages of incipient metamorphism. Figure 72 illustrates this very 
con\'incingly, tracing a single bed of coal, the great Pittsburgh Seam, 
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Fig. 72. — Diagram showing composition of the coal of the Pittsburgh Seam 
on a hne from Ohio to near Cumberland, Md. .4, at a mine 25 miles west of 
Wheelinc. W. Va.; F, near Cumberland. (M. R. Campbell) 


from Ohio to the neighborhood of Cumberland, Maryland. The 
proportion of fixed carbon steadily rises and that of volatile matter 
as steadily diminishes as the coal bed is traced eastward from a 
region of horizontal, undisturbed strata into the compressed and 

folded beds of the Appalachian Mountains. 

.\nothcr interesting example is afforded by the Ozark dome in 
Missouri and Oklahoma which has exerted a relatively gentle com- 
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pression upon the surrounding coal fields. The more nearly the 
uplift is approached, the less is the moisture content of the coal; 
it almost follows the formula, that the percentage of moisture is 
directly proportional to the distance from the uplift. Mr. M. R. 
CampbeU, to whom these examples are due, distinguishes eight 
stages of metamorphism in coal. 

The French Theory. The peat-bog theory of coal accumulation 
is accepted by most German and English geologists, but not by the 
French, who have a different explanation, at least for certain of the 
coal beds of France. According to this view, the vegetable matter 
was accumulated in lagoons, not in bogs, and much more impor¬ 
tance is ascribed to the original character of the vegetable matter 
accumulated to form a given coal than to subsequent metamorphic 
processes. The two views are not mutually exclusive, and every 
coal field must receive its own explanation, though any variety of 
coal sufficiently metamorphosed will be converted into anthracite. 

Coal is always interstratified with other beds, usually of clastic 
sediments, sometimes of limestone. This implies that the bogs 
were flooded from time to time either by fresh or salt water, and 
sediment deposited upon the surface of the peat. It is not neces¬ 
sary to suppose that the coal basin was repeatedly rising and fall¬ 
ing; a general downward movement, with long pauses, will also 
account for the facts. When the bog was flooded on account of a 
depression, which gave access to the sea or to fresh waters, the 
deposition of sediment built up the surface, until a fresh-water bog 
could be reestablished. In some sections, as in Nova Scotia, more 
than twenty-five coal seams w'ere deposited. In some instances, 
part of a coal basin was depressed and the remainder was station¬ 
ary. This is indicated by the partings, which increase in thick¬ 
ness toward the depressed side, until they become thick beds. 

Cannel Coal, as intimated above, is of exceptional character. 
The lenticular, or lens-shaped, patches in which it occurs indicate 
deposition in ponds, into which little or no sediment was carried. 
The vegetable remains which were dropped or drifted into such a 
pond were very thoroughly macerated, destroying almost all 
traces of structure. The occurrence of fossil fish in cannel coal 
shows that the water above the mass of plant d4bris was clear, not 
filled up with a semi-solid body of peat. 

6. Boghead Coal is somewhat like cannel, but is a dense brown 
rock, rich in oil. which has been found in the Carboniferous and 
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Permian of many parts of the world, in Alaska, Kentucky, Scot¬ 
land, France, Russia, Brazil, Australia, etc. The mode of origin 
of this peculiar coal has been the subject of vigorous controversy, 
but the general consensus is that boghead was formed in fresh¬ 
water lakes, or brackish lagoons, by accumulations of Algae, both 

of the Blue-Green and colonial Green kinds, which differ very little 
from existing genera. 

Coal has been forming throughout unimaginable lengths of geo¬ 
logical time, but not until the Devonian period had land vegetation 
been so far developed as to render such accumulations possible. 
With but a single known exception, Devonian coal is in thin, 
unworkable seams. The exception is in Bear Island in the Arctic 
Sea, south of Spitzbergen, where coal of Devonian date was mined 
for some years. 

As its name implies, the Carboniferous period was preeminently 
the time of coal-making, and both in extent and in quahty the coal 
of this period much exceeds that of any other. Carboniferous coal 
fields are confined to the northern hemisphere and to the temperate 
and Arctic latitudes; in North America coals of this date are in 
the East and, principally, in the Middle W'est, extending but little 
beyond the Missouri River. In Europe, the coal of Great Britain, 
France, Belgium, Germany, and Russia is nearly all of Carbonif¬ 
erous date. The coal fields of China, which are believed to be the 
largest in the world, are largely, if not entirely, Permian. 

Permian coal is found in restricted areas of Pennsylvania and 
West Virginia, in France and W^estern Germany, and all the coal 
of the southern hemisphere, in Australia, South Africa, and South 
America, belongs to the Permian period. Triassic coal is found 
on a small scale in Virginia, North Carolina, and southern Sweden, 
and very extensively in peninsular India. Coal of Jurassic date 
is mined near the Black Hills of South Dakota. 

Inferior only to the Carboniferous in extent and thickness of its 
coal measures is the Upper Cretaceous of the Rocky Mountain 
region and on both sides of the great uplift, from Texas far into 
Canada. There is some good coal in the Lower Cretaceous of 
Alberta, which extends over into Montana, and every subdivision 
of the Upper Cretaceous is coal-bearing somewhere. Most of the 
Upper Cretaceous coal is a lignite, but there is considerable bitu¬ 
minous coal also, and in Colorado there is a field of anthracite of this 
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period. In the Puget Sound region there is coal of Eocene Tertiary 
date, as is also the workable coal of Alaska, its commercial value 
being largely due to the metamorphosing effect of igneous intru¬ 
sions. Cretaceous coal occurs in the northern part of the territo^ 3 ^ 
The imm ense thickness of the brown coal in Grermany and the lig¬ 
nites of the south of France and Switzerland are assigned to the 
Oligocene and Miocene epochs of the Tertiary period. This list is 
not at all exhaustive, but it includes the principal known coal 
fields of the world and it shows that coal making began when land 
plant life had attained the necessary' stage of development and 
that it has continued, at inter^^als, till the present day. 

7. Petroleum^ or mineral oil, can hardly be classified as a rock, 
yet the vast amount and great economic importance of this mate¬ 
rial require that brief mention be made of it. Petroleum is com¬ 
posed chiefly of a “bewildering variety” of hydrocarbons. “The 
separation and isolation in a chemically pure state of these sub¬ 
stances is most dUEcult, and in many cases has, up to the present, 
been found impossible.” “The numerous varieties of the four 
principal classes of hydrocarbons: saturated, unsaturated, aro¬ 
matic, and naphthenic are found in vaiydng proportions according 
to the origin of the petroleum.” (L. Gurwitsch.) In the United 
States, which produces 70 per cent of the world’s annual supply of 
petroleum, there are five or more geographical regions in which oil 
is found in commercial quantities, each characterized by chemical 
differences. The Appalachian oil field, from western Pennsylvania 
southward, jields oils which are chiefly" composed of paraffins and 
contain sulphur or nitrogen. The parafiSns ^long to the methane 
series, of which the general formula is C„H 2 n+ 2 ; methane itself, 
or marsh gas, has the composition CH 4 and is the principal constit¬ 
uent of natural gas. In the mid-continental field, including Ohio, 
Indiana, Illinois, the oil contains more naphthenes, the name origi¬ 
nally given to the hydrocarbons of the polymethylene series and still 
largely used in connection with petroleum; they have the general 
formula of CnH 2 „. The mid-continental oils also contain a relatively 
high proportion of sulphur compounds, as much as 1.1 per cent. 

Oils of the Gulf region, Oklahoma, Texas, and Louisiana, have 
naphthenes, paraflins, and acetylenes (C„H 2 „_ 2 ), and other series, 
and these are characterized by the presence of free sulphur, which 
crystallizes out separately. Nearly all petroleums contain nitro¬ 
gen compounds, up to 1 per cent, the nature of which is not well 
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understood, but they are especially abundant in California oik, 
in which they may form as much as 20 per cent. California oik 

are made up of several of the hydrocarbon series, chiefly of the 
naphthenes. 

The solid hydrocarbons are grouped together under the term 
asphalt, or bitumen, and are found all over the world. Asphalt k 
apparently formed by evaporation of the more volatile constitu¬ 
ents of petroleum and the action of oxygen and sulphur. “Be¬ 
tween liquid petroleum and solid asphalt there are numberless 
intermediate substances. Indeed, there is no distinct break in 
the continuity of the series from natural gas to bituminous coal.” 
(F. W. Clarke.) Asphalt often saturates sandstones, such as the 
Green River asphalt of Kentucky, or limestones, such as the Val 
de Travers rock in Switzerland. Rocks of this description are 
excellent for pa\'ing and road-making, after being finely crushed and 
then compacted in place by a steam-roller. 

The geological date of the formation of a given body of petroleum 
is by no means always easy to determine, because of the migratory 
capacity of oil and gas, in consequence of which it may find final 
lodgment in rock of very different date from that in which it was 
originally formed. However, something may be determined as 
to the geological age of the various oil accumulations. The petro¬ 
leums found in the eastern part of the continent, those of the 
Appalachian, Canadian, Mid-Continental, and Gulf oil fields, are in 
Palaeozoic rocks, Ordo\dcian, Silurian, and especially Devonian. 
The oils of the Rocky Mountain field are in Cretaceous rocks and 
those of California in Miocene Tertiarj*. The occurrence of petro¬ 
leum requires porous rocks in which the oil is stored and a cover¬ 
ing of imper\ious rocks to prevent the escape of gas, for it is gas 
pressure that makes a spouting well, or “gusher.” Oil k foimd 
almost entirely in rocks of marine origin; coal is a fresh-water 

product, oil was formed in the sea. 

Geographically, petroleum is verj' widespread, aU of the con¬ 
tinents, except Africa, ha^^ng important supplies. In North 
America, Canada is a small producer, Mexico a very large one. In 
South America, Venezuela promises to take the second place in oil 
production; Colombia, Peru, and Argentina are ako sources of oil. 
In Europe, the oil fields are concentrated in the southeast; Rou- 
mania, southern Poland and, especially, Russia are lai^ pro¬ 
ducers. Mesopotamia, Persia, Burma, Japan, and the greater 
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islands of the Dutch East Indies are the principal Asiatic regions 
of oil production, and small amounts are obtained in Algeria and 
Egypt. Like coal, oil is but scantily present in the southern 

hemisphere, so far as is at present known. 

The origin of petroleum is a much-debated problem and diver¬ 
gent views concerning it are still held. Several very eminent 
chemists have maintained the inorganic formation of the hydro¬ 
carbons, and it is true that some volcanic exhalations, igneous 
rocks, and meteorites do contain such compounds, but they are 
utterly insignificant in quantity. The conditions under which 
hydrocarbons are s 3 Tithesized in the laboratory are such as can¬ 
not obtain at or near the surface of the earth. As oil has no 
organic structure, the proof of its origin is not so simple and direct 
as in the case of coal, but the geological relations make the organic 
origin of petroleum much the simplest and most probable solution 
of the problem. Both plants and animals would seem to be the 
initial sources of petroleum: “The nitrogen bases of California 
petroleum furnish perhaps the strongest evidence that the proteids 
contribute their share to the make-up of petroleum, and show also 
that these particular oils are of animal origin.” The Appalachian 
oils, on the other hand, are believed to be of vegetable origin. 
“The association of gas, oil, salt, sulphur, and gypsum, which 
some writers have taken as evidence of former vulcanism, is much 
more simply interpreted, both chemically and geologically, as due 
to the decomposition of organic matter in shallow, highly saline 
waters near the margin of the sea.” (F. W. Clarke.) Organic 
matter is very widely diffused through the sediments. As Orton 
has said, “ Disseminated petroleum is well-nigh universal; the ac¬ 
cumulations are rare.” 

8. Oil shales contain so large a proportion of organic material 
that, on distillation, they yield mineral oil, but the petroleum does 
not exist, as such, in the rock. Oil shales of marine origin derive 
their hydrocarbons largely from fossil fish, which are present in 
vast multitudes in the rock; those of fresh-water origin are filled 
with gelatinous algae. The Green River Shales of Wyoming and 
the adjoining parts of Colorado and Utah are oil shales laid down in 
fresh water and saline lakes and their high percentage of hydro¬ 
carbons is chiefly derived from algae, but they also contain great 
quantities of fossil fish, which doubtless add materially to the 
organic content. 
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B. .®OLiAN Rocks 

The rocks of this group were formed on dry land and are very 
much less common and extensive constituents of the earth’s crust 
than are the water-laid or aqueous rocks. Nevertheless, they 
often have a significance disproportionate to their extent, because 
of the information they give as to the ph3rsical geography of the 
place and time of their formation. 

1. Blown Sand is heaped up by the wind into dunes, or hills, 
which travel before prevailing winds, until stopped by some 
obstacle. Sand dunes are especially characteristic of low-lying, 
flat coasts and of deserts. The sand-grains, abraded by contact 
with one another and with hard rocks, are smaller, less angular, 
and more rounded than the grains of river or even beach sands. 
Desert sand-grains are pitted and frosted, like ground glass, in a 
characteristic way. 

2. DrifUsand Rock (also called seolian rock) is the consolidated 
sand of dunes, forming a rock which is stratified by the wind in an 
irregular and confused sort of way. If the sand contains any con¬ 
siderable quantity of calcareous matter, such as comminuted 
shells, the solution and redeposition of this by percolating rain¬ 
water binds the loose sand into quite a firm rock. The calcareous 
sands of Bermuda are an oft-quoted example of this action. 

3. Talus is a maas of blocks, large and small, which accumulate 
at the foot of exposed cliffs and other favorable places, due to the 
riving action of frost, or to the expansion and contraction of rock 
caused by great changes of temperature. High mountains, above 
timber-line, are often covered with an incredible quantity of talus, 
wherever the slopes are not too steep for the loose blocks to lie, 
and great sheets of it are found in many stony deserts. 

4. Breccia is a rock composed of angular fragments, much 
amftllAr than talus blocks, cemented into a sofid mass. 

5. Soil, except vegetable loam, is the residual product left by the 
decay or disintegration of rock on land-surfaces. Most soils have 
been formed in the places where we now find them, but in a rela¬ 
tively few instances, such as alluvial and glacial soils, the material 

been transported and deposited far from its place of origin. 
Surface soil is unstratified and contains more or less or^nic mattei 
and is more or less filled with the roots of plants. Soils may be 
buried under deposits made by a river or a transgressing sea, and, 



in the latter case, they are interstratified with marine n 
Ancient soils have often been preserved in this manner; 
with fossil roots and, sometimes, with the stumps of trees 
standing in them. 

6. Loess, a German word, for which there is no English eqi 
lent, is a verj' fine-grained, terrestrial deposit made by the ^ 
and is largely dust. It is usually unstratified and has a mo 
less pronoimced vertical cleavage and is so firm that vertical 
remain standing for a long time. 

REFERENCES 

Campbell. M. R., “ Coal as a Recorder of Incipient Rock Meti 
phism,” Ecxmomic Geol., Vol. 25. 1930. 

CniRKE. F. W., “The Data of Geocheruistiy,” L’. S. Geol. Survey 
330, 190S. 

GuBwrrscH, L., The Scieniific Principles ojPetroleum Technology, lx> 

1926. 

Hates. A. O., “ Wabana Iron Ores of Newfoundland.” Geol. Sure. Ca 
Mem. 78. 

Holmes, A., The ISomendaiure of Petrology, London, 1920. 

Rast alt. . R. H., Physico-ehemxcal Geology, Cambridge. 1927. 
Smtth, C. H. Jr.. "‘On the Clinton Iron Ores. ’’ Ayjier. Jofum, 
Vol. 43, 1892. 

Thom, W. T. Jr., Petroleum and Coal, Princeton, X. J., 1928. 
TwiOTOFEL, W., A Treatise on Sedimentation, Baltimore, 1926. 




CHAPTER XI 


THE FORMATION OF SEDIMENTARY ROCKS — 

SURFACE AGENCIES 

The first step in the formation of a sedimentary rock is the pro¬ 
duction of material for it; for, by definition, the rocks of this class 
are made from the debris of older rocks. Ultimately, this debris 
must have been derived from igneous rocks, but, in any given 
instance, the material may have been reworked many times and 
passed through many cvcles of sedimentary accumulations. The 
d^mamic agencies which operate at and near the surface of the 
earth, save such as are of subterranean ori^, like volcanoes, are 
all manifestations of solar energy, and their work consists in the 
destruction and reconstruction of rock and in the wearing away of 

the land-surface. 

The processes of rock destruction and reconstruction are com¬ 
plementary-, each invoMng the other; for, save for 
radio-active elements, the matter of the earth is practicaUy md^ 
structible and constant in quantity. It is true tlmt 
contribute matter continuously to the earth ^ 
the amount is relatively so smaU as to be neghgible. ^ to 
as geological histor>- can be traced, no ^'^^ence of any destmction 

of the common and abundant elements ^ be fW. ^ ^ 

m^emU into simpler compounds, and reconstruction cannot^ 

on without it. Ceaseless cycles of change are 

ress, new combinations continually formed and older rocks 

' Thet'^X'orohange begin with the chemical 
o, mechanical of the 

debris, for longer or shorter distances, its deposi 

and, finally, its consolidation into sohd rock^ ^ 

The Pi^cesees of rock dea.mc,.o„ and ^ 
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for the most part, operative on the land, while those of reconstruc¬ 
tion take place principally beneath bodies of water and, above all, 
on the bottom of the sea. Important work of reconstruction takes 
place on the land, but its significance is chiefly historical and, quan¬ 
titatively, is not at all comparable with deposition in the sea. The 
denuding agents which, if not interrupted, will eventually cut the 
land down below sea-level, do not act uniformly all over the land 
surface, as a plane reduces the thickness of a board, but with much 
greater rapidity along drainage lines. 

The work of the surface agencies is profoundly affected by the 
diastrophic movements of the earth’s crust, which bring about 
the successive geographical cycles. A low-l^i-ng region suffers 
very little loss from the eroding agents, for the driving force in 
denudation is gravity. In such a region the streams are slug¬ 
gish and the forces of weathering are reduced to a minimum, so 
that erosion is very slow. Such a surface may persist for long 
periods of time without noteworthy change; it is said to have 
reached baseAevel, a term which will be more fully explained in 
connection with rivers. 

The relief of a given region is due to differential erosion, which, 
in turn, is determined by the rock-structure and the arrangement 
of harder and softer masses. In general, the softer masses are 
removed first, while the harder remain for a much longer time. 
The most eflScient agents of erosion are the atmosphere and the 
river; the rate and kind of erosion are largely determined by 
climate and there is, therefore, a chmatic control of topography. 

All of the surface agents act both destructively and reconstruc- 
tively, according to circumstances, but with very different degrees 
of efficiency. Some are eminently destructive, others as emi¬ 
nently reconstructive, while others again are most effective as 
agents of transportation. Furthermore, the depth below the sur¬ 
face at which the operations are carried on has very important 
bearing upon the effect produced. We may regard the earth’s 
crust as being made up of a number of concentric shells, of some¬ 
what irregular thickness and indefinite and even fluctuating 
boundaries. The outermost shell, which extends down to the level 
of the ground water, is the shell of weathering (Van Hise) and is 
characterized by the hydration, oxidation, and carbonation of 
minerals, and great quantities of material are dissolved and car¬ 
ried away. As a result, the component minerals of the igneous 
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rocks are decomposed and the rocks themselves become soft Ani^ 
friable; the newly formed minerals are few in number, of sim pV 
composition, and, usually, imperfectly crystallized. The mini»rAl^ 
of the sedimentary rocks, being already decomposition products, 
are not further decomposed by weathering, but more or less of their 
substance is removed in solution, in consequence of which the 
rocks so attacked crumble into soil. 

The second shell, that of cementation (Van Hise), extends down¬ 
ward from the ground-water level to a varsnng depth, with unde¬ 
termined lower boimdary, and is largely saturated with water, so 
that the supply of free oxygen and carbon dioxide is limited. 
While oxidation and carbonation do occur, they are le^ important 
than hydration, and the resultant minerals are more crystalline 
than in the shell of weathering. Some solution is effected, but 
deposition is more important, and the general effect of the various 
processes is to increase the hardness of the rocks. 

The surface agencies must be classified for the purpose of study¬ 
ing their operation and effects, yet it must always be remembered 
that classification cannot but be artificial, separating processes 
that belong together. In nature the various agencies, operating 
at the same time, balance and modify one another, sometimes 
with increased and sometimes with lessened efficiency, but gpn- 
eraUy with some modification of effect. The simplest classifica¬ 
tion gives six categories of the surface agents: (1) the atmosphere, 

(2) running water, including the very slow-moving grmmdwater, 

(3) ice, (4) lakes, (5) the sea, (6) animals and plants. The work 
of these various agents is principally mechanical; water is the 
indispensable agent of chemical change. 


THE ATMOSPHERE 

A. Destructive Processes 

The destructive work of the atmosphere is comprehMisively 
termed weathering and is plainly displayed in ancient building or 

tomb-stones, or the faces of cliffs. Freshly quarri^ stone h^ a 

very different appearance from the same kind of rock that RB 

been exposed to the weather. Of aU the destructive 

atmosphere is by far the most effective, because no 

surface is exempt from its attack, and destruction w , 

1 _ n.r% flAA-hottom caiuiot DC rcacDCQ j 
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the atmosphere and lakes protect their basins against it, but the 
dry land is universally exposed to its unceasing destructive action. 
While such agencies as rivers and the sea do work which is much 
more obvious and striking than that of the atmosphere, yet their 
work is far more restricted, that of the sea is almost entirely con¬ 
fined to its coast and that of the river to its valley and even in the 
operations of the river and the sea, atmospheric work is an impor¬ 
tant auxiliary. Weathering varies greatly in the rapidity of its 
work in different regions. There are, in the first place, different 
climates to be considered, differences in the amount and distri¬ 
bution of the rainfall, of temperature and the winds. In the 
second place, the various kinds of rocks differ greatly in the re¬ 
sistance which they oppose to the work of destruction, owing to 
differences in hardness and chemical composition. Again, the 
presence or absence of a covering of protective vegetation greatly 
modifies the rate at which erosion is effected. 

All these varying factors concur in producing very irregular land- 
surfaces. The overlying screen of soil conceals much of this irregu¬ 
larity, and were that screen removed, the surface of hard rock 
would be seen to be very much more rugged than is the surface of 
the soil. When the land has been planed down to a featureless 
slope, lying but little above the sea, it is said to be base-leveled or 
to have reached the base-level of erosion. 

The atmospheric agents may be divided into (1) rain, (2) frost, 
(3) changes of temperature without frost, (4) wind. 

/, Rain 

Chemical Work. When the gravedigger in Hamlet said: “For 
your water is a sore decayer of your dead body,'* he uttered a great 
geological truth, if we may take “dead body” to mean everything 
that is not alive. Directly, or indirectly, water is the universal 
solvent and destroying agent. The aim of all construction, 
whether engineering or architectural, roads or bridges, houses, 
cathedrals or “skyscrapers,” is to exclude water, or, if that is not 
feasible, to lead it out again as soon as may be. 

Of the atmospheric agents, rain is the only one which produces 
chemical changes, but it also has great mechanical effects. Its 
work varies greatly, in accordance with climatic factory The 
annual precipitation may be the same in two regions, but, in one, 
the rainfall may be in very frequent, gentle showers and, in the 



206 


AN INTRODUCTION TO GEOLOGY 


other, in less frequent, but very violent downpours. In such con¬ 
ditions, the work of the rain will be very different in the two 
regions. StiU another kind of effect is produced when there are 
regularly alternating wet and dry seasons. Temperature also 
modifies the work of the rain in important ways, so that results are 
brought about in warm countries quite different from those of tem¬ 
perate and cold latitudes, and the covering of vegetation has always 
to be taken into account. Thus, each climatic zone displays the 
work of rain with characteristic differences. Perfectly pure water 
would not act powerfully upon rocks, though decomposing their 
complex minerals by hydrolysis, but such water does not exist in 
nature. Rain water in its condensation absorbs free oxygen and 
carbon dioxide and these gases add much to its solvent powers. 

While aU rocks yield eventually to the action of water, this action 
is entirely different in the igneous and the sedimentary rocks. 
Taking up the igneous, we find that one of the first and simplest 
effects of water is the hydration of the minerals, especially the 
feldspars, which are exposed to it. Hydration, which is the taking 
of water into chemical union, is an effective agent of decay; it 
causes an increase of volume and therefore a greatly augmented 
pressure within the rock. In the District of Columbia, in boring 
the aqueduct tunnel, granite rocks were foimd to be “disinte¬ 
grated to a depth of many feet, with but a loss of 13.46 per cent 
of their chemical constituents. . . . Natural joint blocks brought 
up from shafts were, on casual inspection, sound and fresh. It 
was noted, however, that on exposure to the atmosphere, such not 
infrequently fell away to the condition of sand. (Merrill.) 

The exfoliation of granite, or splitting off of thin sheets from the 
surface of the rock, has generally been referred to the effects of 
heating of the mass by the sun’s rays, with consequent expansion 
(see p. 223) followed by chill and contraction at nightM. Pro¬ 
fessor Blackwelder has shown, however, that the expansion of 
feldspars through hydration is a more important cause of this 

action. (Blackwelder.) . • i 

The effects of oxidation are chiefly seen in the iron mme^, 

whether of igneous or sedimentary rocks, and this action brings 
about striking color changes, for compounds of iron form the pnn- 
cipal coloring matter of rocks and soUs. Ferrous commands pve 
little color, and the rocks in which they occur are apt to have a blue 
or gray tint, due to other organic or inorganic substances, bu 
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rocks, when exposed to the action of air and water, have their fer¬ 
rous compounds oxidized to ferric oxides and ferric hydrates, the 
former giving a red color, the latter various shades of brown and 

yellow. 

When fired in a kiln, a blue clay will yield red bricks by the con¬ 
version of ferrous carbonate (FeCOa) into ferric oxide (Fe203)- 
In nature, rain-water effects a somewhat similar change and the 
contrast between the superficial and the deep-seated parts of the 
same rock is often as great as between red brick and blue clay. 
Weathered blocks stained red, or, more commonly, a rusty brown 
on the outside, are often blue, gray, green, or nearly black inside, 

because the change is an entirely superficial one. 

In the disintegration of the igneous rocks, the most important 
change is the decomposition of the feldspars, the exact chemical 
nature of which is doubtful. The problems of the decomposition 
of minerals are largely those of coUoids; coUoid silica and clay 
being important products. Orthoclase and microcline, for e.xam- 
ple, have the composition K2O, AI2O3, 6 SiO^ and have generally 
been regarded as double silicates of potassium and aluminium, 
but they may be salts of alumino-silicic acid and, in that case, 
are readily decomposed by water (hydrolysis). The potassium and 
some of the sfiica are removed in solution and the insoluble resi¬ 
due is clay (AI2O3, 2 SiOo, 2 H2O). “ Many geological writers, espe¬ 

cially those of the older school, attribute this process of kaoUniza- 
tion to the action of carbon dioxide dissolved in the ground-water. 
. . , It is impossible at present to say definitely which of these 
explanations is the correct one; probably both apply in different 
cases and the point is of no real importance, as the final residual 
and insoluble product is the same.” (Rastall.) 

It often happens that a potash feldspar is converted into the 
white mica sericite, either by ordinary weathering or by the action 
of hot waters and vapors of volcanic origin. The chemistry' of 
the change is a matter of debate. 

The plagioclase feldspars, of the lime-soda group, have a more 
variable composition and therefore a more extended range of 
residual products. Clay, calcite, zoisite (Ca2(A10H) ^ 2 ( 8104 ) 3 ), 
a calcium al umini um silicate, and some members of the chlo¬ 
rite group are the commoner residuals. 

In most tropical regions, where there is a long dry' season, fol¬ 
lowed by a wet season of violent rainfall, the decay of the feldspars 
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ami other aluminium >ilicate> is characteristically different from 
what ha^ just been descrihfal a.- occurring in temperate climates. 
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lodules and masses of limonite, often valuable as ores, and stains 
he bauxite a deep red, forming the characteristic warm-country 
urface deposit called laterite. As laterite is formed only where 
here is abundant rain, it has been suggested that it may be due to 
he action of bacteria (Holland,!, but the suggestion has not been 

I roved. 



Fig. 74. — Cradle Rock, boulders? and bl(K‘k:? of wt-arboring 

trap. Province Lino Road. X. J. 


»f R.H-kv Hill 


Igneous rocks frequently weather into masse? of rounded boul- 
lers, which are often mistaken for glacial moraines. Tlie rounded 
hape is due to the more rapid decay of the angles and edges of 
he original joint blocks, which are attacked on both sides at once 
Lod are thus removed more quickly than the broad sides of the 
docks. When acquired, the rounded shape is long retaineii, l3e- 
:ause then decay penetrates at a nearly equal rate from all sides. 

White mica, or muscovite, is remarkably stable and \delds but 






very slowly to decomposition; many sediments contain conader- 
able quantities of mica flakes, which are especially conunon in 
micaceous sandstone. Brown mica (biotite) yields much more 
readily to weathering, but the process is very obscure; sometimes 
chlorite and potash solutions are the results of decomposition. 


minerals, which contain no alumina 

i 

X) talc, magnesium and calciiun carho 


and iron oxides, the silica being mostly carried off in solution. 



Fig. 75. — Exfoliating spheroids in Basalt, Millersdale, England, (Photograph 

by S. H. Reynolds) 


Olivine gives rise to serpentine, and this may be further decom¬ 
posed to form magnesium carbonate, or magnesite, which is of 
economic value. 

The igneous rocks contain a large number of accessory minerals 
(p. 54), the presence or absence of which has no effect in classi¬ 
fication. Many of these, such as zircon, sphene (CaTiSiO&), mag¬ 
netite, garnet, and corundum, and a long list of minerals which 
are found in pegmatite, such as tourmaline, beryl, and topaz, are 
very resistant to weathering and merely break up into fine particles, 
which are constituents of sands, but usually in very small pro¬ 
portions. Comminuted ferro-magnesian and accessory minerals 
are sorted by water to make sand-like masses, but very heavy. 

The weathering of igneous rocks thus produces a series of simple 
and stable minerals, which are the material from which the sed^ 
mentary rocks are built up. Clay is much the most abundant o 
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the materials derived from the decomposition of the igneous rocks 
and, after that, quartz, which is not changed except in being broken 
up into smaller fragments. Owing to its hardness, its simplicity 
and stability of composition, quartz is an abundant and important 
constituent of all three of the main groups of rocks. The lime¬ 
stones, which are such common and widespread sedimentary rocks, 
are mostly the accumulations of animals and plants which extract 
the calcium carbonate from solution, but the lime compounds were 
originally derived from the igneous rocks. Other substances, 
which are formed by the decomposition of the igneous rock min¬ 
erals, may be of economic value, as are serpentine, talc, and mag¬ 
nesite, the iron oxides, but they are too hmited in quantity to be 
of geological importance. 

The weathering of the sedimentary rocks is entirely different in 
its methods and results from that which destroys the igneous. As 
win be seen, the mechanical agents, wind and frost, disintegrate 
all classes of rock alike, but the chemical work of water is different 
because the mineral constituents of the sedimentarj^ rocks are 
themselves the simple and stable results of decomposition. Except 
the limestones, the sedimentary rocks are made up of fragments, 
coarse or fine, of insoluble minerals, held together by some cement¬ 
ing substance; rain dissolves and carries away this cement and the 
remainder of the rock crumbles into a friable soil. Concrete, when 
made with gravel, is an artificial conglomerate, and when attacked 
by a strong acid, which dissolves the cement, the remainder 
crumbles into sand and pebbles. Usually, concrete is made in the 
proportions of cement 1, sand 3, gravel 6, and thus 10 per cent of 
cement suffices to bind the sand and gravel into an artificial stone, 
which is famous for solidity and strength. The analog}" with the 
disintegration of a sedimentary rock by the solvent action of w’ater 
is thus complete. 

Sandstones are composed of grains of quartz (SiOj) cemented 
together; the cementing substance may be silica, some compound 
of iron, such as FejOs, or calcium carbonate (CaCOs), and the 
removal of this cementing substance by solution causes the rock 
to disintegrate into sand. As atmospheric waters have but little 
effect upon silica, the disintegration of the siliceous sandstones is 
extremely slow; underground, the solution is a little more effective. 
Ferric oxide is unchanged by rain water at the surface, but under 
the soil it.is converted into ferrous carbonate, which is soluble in 
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water containing carbon dioxide, as all natural waters do. The 
upper layers of red sandstone are, in the course of time, and some¬ 
times rapidly, converted into layers of loose sand, which is often 
bleached by the removal of the iron which stained it red. Calcium 
carbonate is ver>' soluble and sandstones in which the cement is 
calcareous disintegrate rapidly. In shales which, though usually 
quite soft, are sometimes ver>- hard, weathering operates in the 



Pjq 70 —forming from decay of Triassic sandstone, Princeton, N. J 

iPhotograph by Wanlessi 


same manner, dissoh-ing and carrying away the cement, while the 

insoluble portion breaks down into mud or clay. 

The sandstones, which have a great variety of color, are exten¬ 
sively used as building stones, and their value for such purposes 
depends principaUy upon the cementing substance. A calcareous 
sandstone weathers rapidly, but the ferruginous and siliceous l^ds 
are very' durable in a waU exposed freely to the air, whatever then 

behayior underground. 

Limestones are among the few rocks which are chiefly, some¬ 
times almost entirely', made up of soluble material, calcium 
bonate. or calcite. This is attacked by rain-water and earned 
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away in solution, leaHng the insoluble impurities, clay or sand, to 
form a soil. Clay is the most usual impurity, and hence lime- 
stone regions generally have clay soils ; but sand aho occurs, an 



Fig. 77. — Weathered Tn'assic limestone, Shasta Co.. Calif. < Photograph by 

Stanton, U. S, G. S. 


when the sand forms a coherent, but porous and spong>'-looking 
mass, it is called rotten stone. 

Soil is the product of the disintegration or chemical decom¬ 
position of rocks and, for the most part, originated where it is now 
found, hing upon the parent rocks. Some soils are largely decayed 
vegetable matter and others have been transported longer or 
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shorter distances, such as aUurial soil, a river deposit, and glacial 
soil, transported by ice, but these also were originally derived 
from rock decay. The gradual transition of rock to soil may be 
obser\'ed in shallow excavations, such as railroad cuts, quarries, 
weUs, cellars, etc. In plucial climates, or those of large rainfall, 
such as the eastern half of the United States and Canada, there is 
a distinct demarcation of topsoil, near the surface of the ground, 
and subsoil below. Save in sandy areas, the topsoil is dark 
colored, due partly to the admixture of vegetable mould, partly 
to the complete oxidation and hydration of its minerals, and is 
unstratified. Next follows the subsoil, which, owing to the absence 
of vegetable matter and to less complete oxidation and hydration, 
is of a fighter color and often shows stratification, if derived from 
a sedimentan,' rock. Fragments of the parent rock, which have 
resisted disintegration, are often embedded in the subsoU, which 

grades downward 
fused with rotten stone). Rotten rock appears to be sound and 
unchanged, but is friable and crumbles in the hand, and from this 
to the solid unaltered rock the passage is verj"^ gradual. 


imperceptibly into rotten rock (not to be con- 


Topsod and subsoil have been traversed innumerable times by 
descending rain-water, and soluble constituents have, to a large 
ex-tent, been leached out of them, but, happily, the soil has the un¬ 
explained property of retaining the soluble compounds of potash, 
phosphoric acid, and other substances essential to plant life, though 
even of these some part is leached out. In arid regions, where 
rain plays a much smaller part in the production of soil, there is 
no distinct demarcation between topsoil and subsoil. The leach¬ 
ing has been much less effective than in moist regions, and nearly 
aU the plant-food has been retained. This explains the incredible 

fertility of desert soils when irrigated. 

In the Northern States, below the glaciated regions, the soU 
is of verj- variable but moderate depths, and this depth increases 
southward, for the processes of rock-decay are accelerated by 
higher temperatures. In the Southern States the feldspathic rocfc 
are often thoroughlv disintegrated to depths of 50 to 100 feet. In the 
Tropics of hea^w rainfall, the soil is often 200 to 300 feet in depth; 
it is this hea%T mantle of soil and the dense cover of vegetation 
which make g^logical work so ver>’ difficult in the wet Tropics. 

Mechanical Work. The mechanical work of rain is compre¬ 
hensively covered by the term rain-wash, and under ordinary con- 
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ditions in pluvial climates it consists in carrjnng the loose soil 
down from higher to lower levels. Even in countries well covered 
with vegetation, the streams which are ordinarily clear become 
turbid and muddy after hea\y rains, because of the soil which 
the rains and rivers that flow through allmial valleys or plains, 
like the Missouri and the lower Mississippi, are always scouring. 
Other factors being equal, the rapidity viiih which the rain washes 
down the soil is determined b}' the steepness of the slopes, for 
gravity is the force at work. On cliffs and steep hillsides, the soil 
is removed as fast as it is formed and in such places is very thin, 
or altogether lacking, exposing the bare rock, while in the valleys 
it accumulates, often to great depths. Even on gentle slopes, the 
rains slowly move it downward to the streams, which eventually 
carry it to the sea. Thus, the soil is not stationan,', but is slowly 
moving seaward under the impulsion of rain and rivers. Aside 
from soils transported hy rivers, glaciers, or the wind, the soil of 
any area is a residual product and its quantity represents the 
surplus of chemical decomposition over mechanical removal. 

Rain wash is greatly increased hy extreme \iolence of precipita¬ 
tion; a single “cloud burst” will do far more damage than the 
same amount of rain falling in gentle showers. Those who know 
only temperate climates can form but ver>" imp)erfect conceptions 
of the tremendous \nolence of tropical rains. In northern India, 
for example, the foot hills of the Himalayas receive a precipitation 
of more than forty feet (!) in the six months of the wet season; 
especially remarkable is the quantity that often falls in a single 
day. Sir Charles Lyell saj's of these hills : “The channel of everj' 
torrent and stream is swollen at this season and much sandstone 
and other rocks are reduced to sand and gravel b)’ the flooded 
stre ams . So great is the superficial waste, that what would other¬ 
wise be a rich and luxuriantly wooded region is converted into a 
wild and barren moorland.” 


The action of rain, chemical and mechanical, upon the rocks is 
thus exceedingly varied, so many and so different are the factors 
involved. Marked differences occur in adjacent regions and even 
in the same continuous body of rock. One of the most remarkable 
monuments of rain erosion is exhibited in the curious regions of the 
far Western States known as the bad lands, a term derived from the 
French “mauvaises terres a traverser.” These cover many thou¬ 
sands of square miles in the Dakotas, Nebraska, Wyoming, Utah, 
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Xew Mt-xic-''. :ill. i: will be noted, in the arid an i semi-arid 
par's of ‘iie country. The rocks are nearly horizor :al beds of 
soft 'n-s and indurated clays which break d( wn rapidly 

when w. *. Ti.- rainfall is k^lit. but made effective )y the lack 
of pr"'t i.-'in^: vrizetati'in. At tiu* present time, th ^ action of 
the re.in i^ "r'iiiiardv very sl<‘W. tieostu^^e the soil whicl covers the 

b'-cer."- a!m‘"'t w:i*erprt>of when wet. an( sheds the 
rain lik»' :i *in r«'i.f. bir wla-re ‘uc- Intre rock is expo ed, the dis- 
inu-izra'i"!: pr-'o^a-oX vt-ry fa.>^ and often the destruct on y^Tought 
u: -in-j’.’- ^■'■:'r ouin- --n-rmliins. The difierent trata resist 
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dirt road and the adjoining grass fields after a torrential shower 
is often very striking. The road is torn and gullied to the depth 
of several feet, the fields are quite unaffected. It is for this 
reason that cuttings through soil, or embankments built of it, are 



Fig. 79. — Pillars of erosion. Dolores River. Col. it*, s. ( 
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sodded, to protect them against the assault of the rain. A remart 
able instance of this protection is given by the divide between the 
WTiite and Cheyenne rivers in South Dakota. This is a rolling 
upland, covered with grass and looking like any other part of the 
Great Plains, but as one proceeds northwards and reaches the 
edge of the table, a most wonderful view of the “Big Bad Lands” 
opens before him, which seem to belong to some other world. The 
rocks are the same in both areas, but in one the rain has prevaUed, 


the grass in the other. , . , 

Forests exert a similar protective effect, and their removal, 

especiaUy on mountain slopes, is often foUowrf by tetro^ 

results Speaking of the soil destruction in the old fields of south- 

em MissiXpi, late W J McGee said that the soil is washed 

awav ‘ ‘ leaving mazes of pinnacles divided by a complex network 

of runnels glaring red toward the sun and sky in strong co^ 

to the rich verdure of the hillsides never deforested. . . . Whole 

^iUages, once the home of wealth and luxury, are being swept away 

It the rkte of acres for each year.” The U. S. Bureau of^^^ 

in endeavoring to check this wanton and irreparable waste, de¬ 
serves the support of every citizen. 


II. Frost 

A, heni employed, the term /reel is given the 
of freezing water, not merely the temperature of 32 F. (0 C). 
Water behaves in a very exceptional manner on sohdificalion, 

„ben e^led, it eontra^^^^^ 

rretluXt —"XaXfSt- 

for hving things; owmg to it, free g ^ 

.. .be ThX 

is less dense than on freezing. The 

another way of saj’ing as the temperature 

pressure exerted by solidifying wa _ go p (_ 22° C.), 

is lowered, reaching a ^ i„eh. Thick iron 

when it ri^s to neariy 34 0^- Uve in conn- 
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tries with cold winters know the trouble caused by bursting water 
pipes. 

All consolidated rocks are divided by joints into masses of blocks 
of greater or less size, and the blocks, in turn, have flaws and rifts 
down to those of microscopic size. All these clefts anfl crevices 
are filled with water, at least in pluvial climates, as may bf* seen on 
examining freshly quarried stone. When exposed in a hare cliff or 
mountain peak to a low temperature, the water freezes, expanding 



Fig. 80. — Block of Granodiorite, shattered by frost and insolation, Pack 
Saddle Mountain, Ida. (Photograph by E. Sampson, U. S. G. S.j 


with tremendous power, and forces the joint blocks off the ex¬ 
posed face of the rock. At the foot of every cliff, in climates with 
cold winters, there is a mass of such blocks, called talus, and in the 
high mountains, above timber-line, incredible ma.s.ses of fro.-^t- 
made talus accumulate on every slope, which is not too steep for 
the blocks to rest. At the foot of the rocky cliffs at the Delaware 
Water Gap, or along the Palisades of the Hudson, the talus extend.s 
up for half or two-thirds the height of the cliff and is being con¬ 
tinually added to. 

The same shattering process goes on, breaking up the blocks 
into smaller and smaller pieces, how small those pieces may be is 
determined by the character of the rock. In plutonic igneous 
rocks, which have several different mineral comnonents. each 
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each thaw, for alternate freezing and thawing are essential to frost 
action. 

Frost is a very superficial agent and is prevented by a covering 
of a few feet of soil. In polar lands frost penetrates to a depth of 
several hundred feet, but, as the summer thawing affects only two 
feet or so below the surface, the freezing below this level has taken 



Fig. 82. — Frost Creep or vertical beds of shale, cut of Schuylkill Valley R. R., 

Penn. (Photograph by Hardin, U. S. G. S.) 


place once for all and produces no further effect. Nevertheless, 
frost is the most effective of the destructive agents in the polar 
regions, the necessary thawing being accomplished by the direct 
rays of the sun in summer. In Spitsbergen Beechy found that in 
summer the mountain slopes absorb quantities of water, which 
freezes in the vdnter with very destructive effect. “Masses of 
rock were, in consequence, repeatedly detached from the hills. 
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accompanied by a loud report and, falling from a great height, 
were shattered to fragments at the base of the mountain, there to 
undergo more rapid disintegration.” Similar observations have 
been made in the Aleutian Islands. 

Many passes in the Alps are dangerous in winter, except in the 
early morning before the sun has had time to melt the superficial 
ice and allow the blocks which have been forced out during the 
night’s freezing to fall. In the lowlands of warm climates frost is 
quite ineffective, but, even in the tropics, high mountains are 
rapidl}' attacked by frost action, because, above the limit of trees, 
the rock is exposed without protection to its action. 

The action of frost is purely mechanical and produces no chemi¬ 
cal change ; the smallest fragments of frost-riven rock are sharply 
angular and the minerals have unaltered and shinin g faces. But, 
on the other hand, frost prepares the way for the more rapid 
action of water, the destructive effect of which is confiined to the 
surface of the rocks and the walls of the fissures and crevices which 
run through them. By breaking up the rocks the surface exposed 
to the work of water is greatly increased; for example, a cubic 
foot of stone, when broken into inch cubes, has its surface multi- 
phed by twelve, thus greatly facilitating the action of water in 

solution and hydrolysis. 

The work of rain and frost are activities of water and are there¬ 
fore most important in plu'vial climates, though abundant rain¬ 
fall, to some extent, retards its own geological work by causing a 
thick growth of protective vegetation. Very few regions of the 
earth’s surface are entirely rainless, but nearly all of the con¬ 
tinents have great deserts in which atmospheric precipitation is 
extremely small, but even in these the disintegration of rocks goes 
through the operation of other agents, though the action is much 
slower than that of pluvial climate. Even in deserts the occasional 
rains accompUsh something, and they are effectively assisted by two 
agents which are especially characteristic of arid clunates; th^ 
are the rapid changes of temperature, which do not involve freezing 

water, and the wind. 

III. Changes of Temperature 

In regions of moist or equable chmate, changes of temperature 
are of minor importance and act chiefly in producing crevices, 
which give passage to percolating waters. In arid regions, espe- 
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dally on high mountains and plateaus, where great areas of bare 
rock are exposed and where the temperature-difference between 
day and night is very great, these changes are much more impor¬ 
tant. During the day, such rocks as are exposed to the full blaze 
of the sun are highly heated, so that it is painful to touch them. 
So far as the heat penetrates, the rock must expand and, after 
nightfall, when an immediate drop in temperature begins, the 
outer portions of the rock are cooled and attempt to contract 
upon the still heated and expanded interior. In arid regions, the 



Fig. 83. 


Buckle in sandstone due to sun's heat. (Photograph by 

E. E. Smith, U. S. G. S.) 


thin, dry air permits a very rapid chilling by radiation, and often 
there is a difference of 60° to 80° F. between day and night. 
Thus, stresses are set up within the rock, to which it must even¬ 
tually yield and pieces “spawl off” from the surface. The work 
differs from that of the frost, the latter ri\ing the blocks into 
smaller and smaller pieces, the former splitting off fragments from 
the surface. Even when no surface spawling takes place, the 
crevices and fissures of the rock are slowly widened. 

The desert mountains and basins of Central Asia offer remark¬ 
able illustrations of the destructive action of the sun upon rocks. 
In speaking of Turkestan, R. W. Pumpelly says; “Nowhere is 
there a more desolate land. It is a desert of unexpected forms, 
time-crumbled mountains and wind-worn cliffs, strange hollow 
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and pitted boulders and sand-polished stones, efflorescent salt- 
plains and drifting dunes. . . . Limestone boulders dropped on 
the plain by floating ice, when the lake stood higher and glaciers 
came far down, have cracked in the sim and crumbled to conical 
piles, while whole mountains of the same rock stand shrouded in 
their own remains. Perhaps the most remarkable instance of 
desert disintegration is found in the granite mountains ranging 
on the east. There whole moimtains are fast crumbling to arkose 
and sand, from which some few honey-combed slabs project as 
pitted, wind-worn ridges. Such are the features wrought by an 
arid sun and shade with a range of 80° F. from day to night ” 
{Per contra, see Blackwelder.) 

In the case of coarse-grained igneous rocks, each constituent 
mineral has its different coefflcient of expansion and, when heated 
or chilled, tends to pull away from the others. For this reason, 
granite structures do not resist fire very well, but crumble under 
a moderate heat. In the desert the same occurs, but incomparably 
more slowly. The writer of these lines once picked up a gmall 
piece of granite at Ghizeh, evidently a fragment of the R«.sing of 
the Third Pyramid; when compressed in the hand, the granite 
broke down into grus, the feldsjjar crystals keeping their glistening 
faces and showing no sign of decomposition or hydration. 

The effects of insolation are even more superficial than those 
of frost; a thin covering of soil suffices to protect the rock from 
overheating and, even where fully exjK>sed, the sim’s heat can 
penetrate but a short distance into the rock. 

A somewhat similar rending effect is produced by the crystal¬ 
lization of various salts of calcium and magnesium, which forms 
crusts and efflorescences in arid regions. These are effects of 
water, indirectly, yet are almost confined to the desert, and Pas- 
sarge lists them with frost and insolation as destructive agents. 

IV. Wind 

Wind is air in motion and is produced by differences of baro¬ 
metric pressure, the air flowing from an area of high pressure to 
one of low pressure, just as water flows down hill, and the greater 
the difference of pressure, the greater the velocity of tne wind. 
Obser\’'ers of the high Alps are of the opinion that the wind, blow¬ 
ing with very great velocity against knife-edges and thin crests 
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of rock, does actually break them down, an effect which would 
be quite incredible were it not that the rocks are masses of blocks. 

The principal destructive work of the wind is effected on loose 
materials; small stones and gravel are pushed along the ground, 
sand is raised and carried along, and a sandstorm in the desert is 
an experience greath' dreaded by travelers. The sand is ordi¬ 
narily not raised to great heights, nor carried verj' far at once, but 
prevailing winds may drift it for long distances. Fine dust, on 
the other hand, may be carried for hundreds of miles before being 



Fig. 84. — Looking Glass Rock, southwest of LaSalle Mountains, Col., 
showing wind erosion. Note the two human figures in the opening. (Photo¬ 
graph by Cross, Lh S. G. S.) 


dropped. All these hard particles, set in rapid motion by strong 
winds, form a natural sand-blast, which cuts and carves the rock 
against which the sand is hurled. Artificially, the same contriv¬ 
ance is used : a jet of air, driven at high velocity, carries sand with 
it which wHl carve and polish granite, glass, etc., against which it 
is directed. In plu\ial climates, wind-driven sand is effective onh' 

vegeta¬ 
tion, and on such coasts the abrading effects of fl\ing sand are 
chiefly displayed against buildings, glass windows, etc., for there 
is little or no rock exposed. On the dunes of almost any inhabited 
sandy coast, one may find fragments of glass worn to the thinness 
of paper and with beautifullj^ frosted surface. 


on sandy coasts, because, elsewhere, the soil is protected by 
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In ^he de-err. whore nuked rock^ abound and, usually, sand 
presen*, the hish winds set quantities of sand and gravel in motion 
hurlinc: it against the rocks and thus cutting them away. As the 
bulk of 'his abrasive material and the more effective part of it is 
lif:e*i only a few feet above the ground, there is much under- 
cvrring. producing tables, mushroom, and other fantastic shapes, 
made more bizarre by the etching vrork of the sand, which cuts 
our 'he softer parts of the rocks and leaves the harder parts in 
relief. The tine ma'erial is thus continually added to by the waste 



j.'j_ ‘t'd frt-m erosion by fallen block of sandstone, 

L--- V<-7ry. Ari;'. i-y H. S. Cokon^ 

• if rh^- p'ck-. and the -anil grains, by mutual attrition, are worn, 

d. and fr"''*"d. and -iiminished in size. 

r'^-bbh-. -haqvd by the sand-blast, have characteristic 

f'rn.'. ‘•f'-n wrh angi-ilatetl. faceted, instead of rounded, form. 
G.-rii::-.. a a When of hard, homogeneous material, 

'U'-h a' <-h:-!'--d"nv, or quartz. they are highly polished; those 
carv--i :r-:a ign-u- r-cks have the softer minerals cut out and 
1-;- - r.. rir into boautiful arabesques. Pebbles and 

l ifa- r ar^' tr* *j’l'Ti'lv ccivored \^*ith a film of the black oxi ^ 

r,f t! '.ruT .nr--, .irrivr-i bv solution and redeposition from the 





THR ATMOSPHRRR 


227 



Fig. 86. — Rocks undercut hy wcatlu riuK. Arides of Peru. 

(Gift of Profess<.)r H. U illisj 
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interior of the rock, and when polished by the sand blast, show the 
characteristic desert varnish. 

The destructive work of temperature changes and of the wind 
is very slow, but it keeps up the circulation of matter in the diyest 
deserts, and the winds, blowing in some prevailing direction, trans¬ 
port great quantities of sand and dust, sometimes into the sea, 
or a lake, sometimes into rivers, or, again, to moister regions where 
it comes under the influence of the rain. 



Pjq s 7.— Weathered carboniferous sandstone. neai^Livingston, Mont. 

I Photograph by it alcott. I . S. G. b.) 


B. Atmospheric Deposition 

It will be convenient to make some preliminarj^ statements 
concerning deposition in general, before considering the peculiar¬ 
ities of atmospheric deposits. 

^^■hlle the atmosphere is the preeminently effective agent ol 
destruction, because the land-surface is always and everywheit 
subject to it, It also accomplishes some transportation and ^ 
tion. In the study of sedimentaiw' deposits it ^ 

two pnmaiw- groups, (D Continental, such deposits ^ 
on land, or in bodies of water not connected with the sea, an 
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(2) Marine, deposits laid down in the sea. Not all deposits are 
strictly referable to one or other of these groups, for some, like 
those laid down in estuaries or in almost closed seas, such as the 
Baltic, are intermediate in character, but these are relatively 

unimportant in quantity. 

1. Stratification. It is characteristic of sedimentary accumula¬ 
tions, whether modem deposits or ancient rocks, that they are 
stratified, that is, divided into more or less parallel layers or beds. 
The terms sedimentary and stratified are sjmonomous. Strati¬ 
fication is produced by the sorting power of water or wind, and 
that, in turn, is due to the relation betw’een the transporting power 
and the velocity of a current of air or water. So long as condi¬ 
tions remain imchanged, solid fragments or particles of the same 
size and specific gravity are thrown down at the same spot. If 
gravel, sand, mud, and clay are shaken together in a jar of wnter 
and then allowed to stand, the various materials will settle on the 
bottom in accordance with the weight and size of the particles, 
the coarsest coming down first, the finest last. Yet there is no 
definite stratification, for the change from one kind of material 
to another is so gradual that no distinct layers are produced. 

Layers clearly demarcated from one another may be formed in 
either of two ways: (1) by such a change of conditions that the 
material deposited changes abruptly, though, perhaps, as a mere 
film of a different substance, or (2) by a pause in deposition, how¬ 
ever brief. In the latter case each layer represents a time of 
deposition, ended by an interval which allows the surface particles 
to arrange themselves somewhat differently from the attitude 
which they would take were the deposition continuous. A trench 
cut through the accumulations of snow in a winter without thaw’s 
shows the thickness of each fall. Sometimes a crust was formed 
on the surface of one snowfall before the next one w^as deposited 
upon it. Sometimes a film of dust was brought by the wind in the 
interval between snow-storms and, again, the surface flakes w^ere 
so arranged by wind and gravity that the next fall indicated a 
slight but distinct change. 

The planes of contact between the successive layers of sediment 
are called the bedding, or stratijicaiion planes, and each one of 
these planes was for a time the surface of the hthosphere, either 
as a land surface or, very much more commonly, the bottom of 
some body of water. The thickness of each layer indicates the 
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length of time during which deposition went on uninterruptedly, 
and varies from hundreds of feet to the minute fraction of an inch. 
If the layers are seasonal, recurring annually, they are called 

A verv thin layer is called a hviiino, and in laminated shales 
these mav be thirty to forty to the inch, looking like so many 
.-hoots of stoiiT p;ipor. 

The transporting power of ordinary winds is much less than that 
of water, and the particles of wind-lK.rne debris are, in general, 
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specific gravity and in mineralogical composition. Each bed is 
thus, as a rule, made up of some predominant substance, gravel, 
sand, mud, calcareous matter, etc., in a state of greater or less 
purity. Heterogeneous material is thus separated into its con¬ 
stituent parts, though the separation is seldom quite complete 
and sometimes it is very imperfect. In a thick series of deposits 
the materials usually change both vertically and horizontally. 
Vertical changes of material imply changes of conditions, in accord¬ 
ance with which different kinds of material are successively laid 
down over the same area. Thus, sand is deposited on gravel, 
mud on sand, or on calcareous material, or vice versa, for there is 
no fixed order of succession. Such changes are usually abrupt, 
each bed or layer being sharply demarcated from the one above 
and the one below it, but in the horizontal direction the changes 
are gradual and a layer of sandstone may pass by imperceptible 
gradations into a clay shale and that again into a limestone. 

2. Residual Accumulations; Soil. Aside from the relatively 
small amounts of transported soil, alluvial, glacial, loess, etc., soil 
originates in place from the decomposition or disintegration of the 
underl 3 dng rock. Few examples of ancient soils are found among the 
consolidated rocks of sedimentary origin, but such as do occur are 
of great historical interest: Laterite is a tropical soil, characterized 
by the presence of a large proportion of aluminium oxide, and of a 
deep red color from the haematite, which form lumps and nodules 
as well as coloring the whole. The soil, as has been shown, is sub¬ 
ject to a slow creep down from the hillsides into the valleys and 
from these into streams which eventually carry it into the sea. 

3. Chemical Deposits. In tropical regions, which have regularly 
alternating rainy and dry seasons, and in arid regions, where the 
rain falls in torrential showers, followed by long periods of drought, 
the movement of rain-water through the soil is frequently reversed 
in direction. During the rains, the soil is saturated with water, 
which moves downward; in the dry season, evaporation from the 
surface and capillary attraction cause the water to rise through the 
soil, carrying various substances in solution, which are deposited 
on or near the surface. In arid countries, the surface is often 
white from these deposited materials; salt, soda, borax, calcium 
carbonate and sulphate are the commonest of these. The iron 
nodules in laterite are produced in this manner, and, sometimes, 
these nodules are cemented into sheets of crude haematite. Where 



The <oil find underlying rocks contain quantities of calcium car¬ 
bonate, the ascending water dissolves and redeposits it on the 
-uriace. In ^outh Africa very extensive sheets of hard limestone 
have been formed in this way. These terrestrial chemical deposits 
may forin over very wide areas, but never in any great thickness. 

4. Mechanical Deposits are much the most extensive of those 
formed by atmospheric agency. 
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storms, and when the storm has died down, a fine deposit of yellow 
dust is found over everything. Such accumulations of wind-borne 
dust are called loess, and mantle the drier plains of nearly all the 
continents. Of the more recently formed loess, the largest accu¬ 
mulations are those of northern China, where it covers an immense 
area to depths of 1,000 to 1,500 feet, evidently derived from the 
deserts of Central Asia. The loess has no apparent stratification, 
but cleaves vertically, giving to the valleys excavated in it very' 



Fig. 90. — Sand dune with wind-ripples, river terraces in distanr^*. His.cr 

Ore. (U. S. G. S.) 


abrupt sides; the roadways not protected by vegetation an 
swept out by the wind and cut dowm into gorges with vertical sides 
Xearlv all the continents have desert basins, out of which w 

V / 

w’ater flow's, such as the Great Basin of the western United States 
which covers nearlv all of Nevada and most of Utah. In Centra 
Asia a succession of desert bavSins, encircled and isolated by moun 
tain ranges, take up a vast area of the continent. The surroundini 
mountains are undergoing a relatively rapid degradation from thi 
action of frost and of the intense desert sun, and the debris is washet 
downward by melting snows and transported by the wind. Thu 
the basins are being filled by the destructive and depositing worl 
of the atmospheric agents, to a depth of many thousands of feet 






























CHAPTER XII 


GROUND WATER AND SPRINGS 


Very much the larger part of the water which circulates upon 
and underneath the land, called vadose (shallow) or meteoric, is 
derived from the atmosphere as rain or snow. As the recent 
study of geysers has shown, there is strong reason to beUeve that 
a certain amoimt of surface water is of magmatic origin. What¬ 
ever may have been true of the earlier ages of the earth’s history, 
at present the relative amoimt of magmatic, or juvenile, water 
reaching the surface is so small that it may be neglected in any 
general review of the subject. 

The atmospheric precipitation, in the manifold forms of water 
and ice in pluvial climates, may be divided into three parts. Of 
these, one part is speedily returned to the air by evaporation, the 
second part flows over the surface to the nearest stream, and the 
third part sinks into the ground to a greater or less depth, where 
it becomes the ground water. Some of the ground water is returned 
to the surface by means of springs, yet a great part of it must 
reach the sea by subterranean channels. The surface flow, together 
with the water from springs, constitutes the run-off. 

The relative proportions of these three fractions of the total pre¬ 
cipitation upon the land vary greatly in accordance with climate 
and topography. In a moist climate with heavy rainfall, the 
run-off may amount to one-half of the precipitation, for the loss 
by evaporation is at a minimum. In arid regions, where pre¬ 
cipitation is small and evaporation very great, the run-off may be 
only one-fifth, while the inclosed desert basins and the areas below 
sea-level have no run-off at all. In similar climates, run-off in¬ 
creases with the steepness of the slopes and is thus proportion¬ 
ately greater in small basins than in large ones. 


A. The Ground Water 

Beneath the surface and at a depth which varies greatly a1 
different times and places, the soil and rocks are saturated with 



water which is called the ground water. Near the sea, or lakes t 
ground water level, or water table, may be but ver>- little below t 
surface and wells of only a few feet in depth may tap an unfaili 
supply, while in arid regions, with irregular topography, it may sii 
to great depths. In the eastern United States the ground wat 



Pig 9-2. —St. Joseph's tVell. a sink hole filled with ground water, Clarke C 

Kans. I Photograph by W . D. Johnson, L . S. G. S.) 


level stands at depths of 1 to 100 feet, though, owing to spec 
circumstances, there are places where wells must be sunk to se\e. 
hundred feet to secure anj- considerable supply of water, 
the limestone plateau of eastern Kentucky and Tennessee t 
ground water is 200 to 300 feet below the surface and is det 
mined by the drainage level of the region, that is, the le'vel at wh 
the surface streams flow. In northern Arizona, near the Can 
of the Colorado River, the ground water is 3,500 feet below t 
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surface of the high plateau and the water supply for the hotels 
must be brought in tank cars on the railroad. 

The ground water table is thus highly irregular and depends 
upon the amount of precipitation and topographical features. 
As a general rule, the ground water level in a given area is that 
of the streams and rises toward the watersheds, or di\ides, but 
less steeply than the surface of the ground. The water table 
also fluctuates with rainfall, rising in wet seasons and sinking in 
dry, as is shown by the failure of wells and springs in long droughts. 
The ground water is frequently regarded as ever^'where penetrating 
to great depths in the earth and, from this point of \iew, “the 
universal sea of ground water” is described, but there is much 
reason for believing that this is a mistaken \iew. In many parts 
of the world very deep mining shafts encounter water only in the 
upper levels, and below 2,500 to 3,000 feet the mines are dry and 
dusty, unless the deep workings intersect fissures in the rocks, 
when large volumes of water may be encountered. Large fissures 
cannot, however, remain open to very great depths, because they 
are closed by rock-pressure. The character and larger structures 
of the rocks themselves have great effect in determining the depth 
to which water may penetrate, some rocks being porous and with 
frequent and open joints, permitting a free passage of water, 
while others are all but imper\ious. In the coastal plain of New 
Jersey, where so many deep wells have been driven, several water¬ 
bearing beds have been encountered at different depths, with 
relatively dry and impervious beds between. Owing to the great 
mass of porous beds and their arrangement, water penetrates to 
depths of several thousand feet in the Coastal Plain. 

“It is probable that the universal presence of ground w’ater is 
characteristic of a comparatively shallow surface belt, below which 
the water which has not been again drawn off at a lower level, 
or has not been used up in hydration processes, is concentrated 
into the larger fissures.” (Spurr.) 

Aside from the extremely slow movement of water through the 
mass of a porous rock, underground waters follow the larger 
openings, such as bedding planes and joint cracks. The inclina¬ 


tion of the strata, the alternation of porous and impervious beds, 
the number and capacity of joints and fissures, are the factors 
that determine the direction of underground flow, which is often 
directly opposite to that of the surface flow. It frequently 



happens that the beds of stratified rock dip into a hill, and thi 
on the surface, water flows down hill, underground it flows ir 
the hill, in both instances under the influence of gra\ity. 
all questions of water supply and drainage, it is most important 
determine the direction of movement of underground water, 
order to avoid sewage contamination and consequent infection. 

Save in open caverns, the movement of underground water 
excessivelv slow, sometimes not more than a mile a year, and the 
fore can accomplish nothing in the way of mechanical abrasu 
which is the most important destructive work done by surf; 
streams, but exerts a .solvent and decomposing effect upon i 
walls of the cremces and joint-planes down which the water ma' 
its way. This has already been described in connection with 
rain, and the separation of water into the two categories is 
arbitrarx- one. In the shell of weathering, percolating waters 
the great agents of dissoMng and decomposing the rocks a 
therefore, always contain more or less mineral matter in soluti 
the nature and amount of which depend upon the compositioi 
the rocks which the water has traversed. Below the ws 
table, in the shell of cementation, the water has more rec 
structive than destructive effects, though solution and alterat 
of minerals continue at these lower levels, though not to indefii 


Limestone is the only common rock that is entirely solubk 
water containing CO; in .solution, as aU natural waters do. 
the shell of weathering, percolating waters dissolve pipes and si 
hole^ down through a surface limestone and in regions of st 
dope- and heaxw rainfall, which washes away the soil; extren 
rtigsed. waterless areas of bare rock are produced from limest 
by -olution. Such an area is called a Kar-^t in German (see . 
93 , a word for which there is no English term. Within the b 
of the limestone, caves are made by the solvent action of 
carbonated water and may extend for many miles, as do^ 
Mammoth Cave of Kentucky and the Carlsbad Caves of * 
Mexico. Many caverns have considerable streams flov 
through them, others are dry, save for a limited drip. Caves 
caverns are always in limestone and are due to solution, an w 
thev mav extend horizontally to an indefinite distance, then d 
ward exiension is limited by the drainage level of region, 
to produce important effects of solution, water must be m mot 



however slow; stagnant water becomes saturated and the solvent 

* 

action ceases. 

Limestone caverns have two more or less distinct periods in 
their history; in the first stage, that of solution, the channel is 
filled ^ith water and is gradually' enlarged, and in the second stage, 
that of deposition, the cavern is emptied of its water and stalactites 
are formed from the roof and stalagmites built up from the floor 



Fig. 93. —Limestone platform, a Karst Landscape. Chapel Ic Dale. Yorkshire, 

England. (Photograph by Prof. S. H. Reynolds,) 


by the solution and redeposition of calcium carbonate. The with¬ 
drawal of the water may be effected in many ways : a.^, for instance, 
the lowering of the drainage level of the country through the 
down-cutting action of the surface streams; the opening of new 
channels through the rock; a diastrophic movement of upheaval, 
which would result in lowering the drainage level with reference 
to the cavern floor, etc., etc. It is not necessarj' that all the water 
be drawn off; deposition begins as soon as part of the cave is filled 
with air, and meteoric water can percolate through the limestone 
roof. Streams may continue to flow along the floor, or in pools 
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Mexico, are well-known instances of this. The mode of forma¬ 
tion of these remarkable objects has been carefully studied, both 
in caverns and, under more favorable conditions, on the under 
side of masonry arches, as of bridges and \iaducts which are 
exposed to the weather. As before remarked, all natural waters, 
even rain-water, contain CO 2 in solution and, in passing through 
the soil, an additional quantity is absorbed. First converting the 
calcium carbonate into a bicarbonate (CaHofCOa).), the latter 



Fig. 95. —LandsUp, initial stage, Smartvalle, Calif. ^Photograph bv Gilbert 

I . S. O, S.) 


IS dissolved by the carbonated water. When a trickle of water 
comes down through the cavern-roof and a drop hangs on the free 
side, exposed to the air, most of the carbon dioxide escapes and 
this causes the deposition of a ring of calcium carbonate around 
the drop. A continuance of this proce.ss lengthens the ring into a 
tube, which gradually fills up with the deposit and the tube becomes 
a solid rod, forcing the water to glide down the outside of the rod 
and thus very gradually increasing its diameter and its length. 

TVTien the drop falls from the roof of the cavern to the floor, it 
begins the formation of a stalagmite exactly beneath the stalac¬ 
tite and, as the latter grows downward, the former grows upward, 
until the two meet and join, forming a pillar, which will be en- 
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,f which have resulted in great loss of life 

property; space |“'^T„u“h°si°de rf Villaeh Alp slid 

Klebrated ones. ^^^2 the Schlaggen- 

ao™iiea“kCt nearly 1,000 feet of its height front a roek-shde^ 

?he S o, ‘The RossU in 1806 buried four 'jy^es and iS o 
nf the best kno^Ti of these disasters, as is also the great rock .aia 

at Elm in 1881, which buried the 'y ^"Sk*^ 

under twelve million cubic yards of rock. The Llm 
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Fig 97. — Rock-slide from Turtle Mountain, Frank, .\lberta. Debris in fore- 
KTOund from sUde. (Photograph by MacKay, Geol. Surv.. Canada) 


was, to some extent, artificial, for the opening of stone quarries 

removed the supports of the mass. 

Sir William Conway describes “the formation of Gohna Lake in 

the Central Himalayas, where the spur of a large mountain mass 
pitched bodily into the valley below. The front of the mountain 
had been undermined by springs until there was no longer sufficient 
support, and in the twinkling of an eye a large part of the moun¬ 
tain slid down and shot across the valley, damming its river with 
a lofty and imper\ious wall. — It is estimated that this slide carried 

with it 800,000,000 tons of rock and debris.” 

Similar phenomena have been observed in North America, as 
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Insularities, for gravity eontroU may be, 

must be above its , . ^at hydrostatic pressure, 

fined, as in a pipe, and su j uoward as when a spring 

which may seem to make the a hiU. But 

c rim s "bot t rt: 

It’ :r “tb. elevation «bicb 

causes the necessary pressure ^ujiitv to water; some, 

.s S-.T1 - -■ 

many sandstonGS^ and 
conglomerates, are very 
porous and consequently 
permeable. Often, a 
rock which itself is im¬ 
pervious allows easy pas¬ 
sage to water through 
innumerable joints, fis¬ 
sures, and crevices. The 

ground water, below the 

level of its table, spreads 

laterally, and its down¬ 
ward nassage is checked or, it may oe, picv.-.-v* 
permeLle bed. mien a valley intersects the ground water lev 1, 

Tltae of springs is formed, especiaUy if a relatively im^nnous ted, 

usuaUy clay in some form, overlain by porous, water-beanng beds 

crops out on the surface. These are the common a^ abundam 

is sufficient flow of water, the spnng is the sourM of a littl 
stream, and the tendency is lot the spring to work 
hill by undermining and thus to lengthen the stream which flows 
from it. This recession of spring heads, as it is called, may be a 
very important factor in the development of river systems. 

When a series of water-bearing strata, underlain by an 
meable one, is inclined, the water moves along the surface of the 
impervious bed in both directions, upward and downward, so long 
as the line of saturation, or water table, is above the impervious 
bed at the latter’s highest point. If such a series of strata run 



Fig. 99 . — Arrangement of strata 
causes hillside springs. The lower close-lined 

bed impervious; 5, a spring. 
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through a ridge, cropping out on both sides, there will be a line of 
springs on each side, though the lower side, toward which the beds 
“dip,” or are inclined, has more copious and durable springs. 
When, after a prolonged drought, the water table drops below 
the upper outlet, the springs on that side give out. The water 
supply of Heidelberg is derived from a remarkable spring, the 
Wolfsbrunnen, which always yields in abundance, though the 
dip of the strata would carry the water in the opposite direction, 
were not the line of saturation above the spring. 



Fig 100. — Diagram of fissure spring. The heavy line represents the fissure 

along which the water rises; S, a spring. 

1. Fissure Springs, which are larger and more durable than 
those of the ordinary hillside type, are formed where a deep crack 
transects a series of incUned beds, some pervious, others uni^r- 
meable. The water, descending along an impervious bed, reaches 
the fissure under pressure and goes down into that, until h is e 
to capacity with water, when the water rises to the ^ace and 
forms a line of springs along the fissure. The poinus be^ receive 
their supply from the rain which falls upon their outcroppmg 
edges on the hill tops and sides and thus, as is necessarily the case, 

the source is above the outlet. * ^= 1 ^ Franee'i 

a series of incUned beds, of permeable and impermeable character 
until water under pressure is tapped, when it rises m the pipe 
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ground water and springs 


a height foLt ETor " 

^;r“ 

conditions are not essenti ^ P ^ pressure, 

“£“rrr=S 

"SSSSSSSrs: 

£S m Europe till the twelfth century, the Chinese had bored 

thpm before the beginning of our era. 

2 Underground Streams furnish-a third type of spring, w ic 
is LSi^riimestone regions. The solubihty of limestone makes 
thrformation of caverns and subterranean channels very common 

where thick Umestones occur, and in such regions t^he 
generally pursue more or less of their course underground. Such 
streams are often both subterranean and on the surface, when the 
season of rains or melting snows fills up the underground water 
courses and the surplus must flow in the surface channel hen 
the surface of the ground cuts across an underground stream, 
great spring results. SUver Spring, in Florida, is navigable for 
smaU steamboats to the very head. Below Great Falls, Montana, 
the vaUey of the Missouri River intersects a subterranean water 
course, and the Giant Spring, a truly remarkable phenomenon, is 
the result. Another such spring rises in the bed of the river, and 
with such force that the bulge of the surface is conspicuous from 


the river bank. , 

3. Mineral Springs. Almost aU spring water contains in solu¬ 
tion various solid substances dissolved from the rocks through 
which the water has passed, and when these solids exceed 1 per 
cent by weight of the water, the spring is called a mineral spnng. 
The term is often applied, more loosely, to springs which are highly 
charged with carbon dioxide and are effervescent when they reach 
the surface. Of dissolved solids the commonest are the carbonates 
and sulphates of calcium and magnesium, common salt, soda, 
borax, etc., etc. Water carrying ferrous carbonate (FeCOs) in 

solution is called chalybeate. 
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Water that contains very small quantities of calcium carlxinate 
is called -soft: when it is present in considerable amount, the water 
is hard. This is a question of such practical importance that in 
France and Germany scales of hardness are employed, one decree 
of the scale being one part of the carlxmate in 100,1)00 parts of 
water. The German scale is calculated for the oxide Cat), the 
French for the carbonate CaCOi, so that 100 degrees of the French 
scale are equivalent to 56 of the German. When the water of 



Fig 101 — ■^Tite Terrace. New Zealand, spring deposit of travertme. 

(Gift of J. Greenlees, Esq.) 


more than 32 degrees hardness French (IS German!, it is consid 
unfit for drinking. Hard water decomposes soap, fon^emng it 
from a soluble soda-soap into an insoluble lime-soap and hen 

it is unsuitable for the laundry, and, even more ’ 

used in steam boilers, it deposits a dense stony .sca/e, t^h ch ha 
been the cause of manv boiler explosions. By keeping the tvater 
contact .ith the steel wall of the fire-box the plates are 

heated red hot and so softened that they can no longer 
procTs^r^nd apparatus for water softening are extensively u^d 

rPcriOTl?. 
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4. Spring Deposits (see p. 184) may be accumulated to great 
thickness, but are never of very extensive horizontal extent. 
Much of the most common and important of these deposits are of 
calcium carbonate and they are made by chemical or orgamc 
agencies, or both in cooperation. As has been repeatedly remarked 
in the foregoing pages, calcium carbonate is soluble in water con¬ 
taining CO 2 by converting the limestone into calcium bicarbonate, 
CaH-lCOs)-, and the amount of the gas which the water will dis¬ 
solve' is determined by the pressure, though solubility of the 
Umestone is not increased by pressure or temperature, men the 
water comes to the surface and the CO 2 escapes, the calcium car¬ 
bonate is deposited, often by the aid of plants, which withdraw 
the CO 2 , reduce the bicarbonate to carbonate, and thus render it 

insoluble. , . r i. i 

Hot-^pring deposits throw some light upon the genesis of metal- 

liferous veins, which have been a subject of much controvemy. 
Steamboat Springs, in Nevada, are now forming a sih^us sinter, 
either pure, or mixed with calcium carbonate, and this contains 
determinable amounts of the sulphides of mercury, lead copper 
aisenic, and antimony; gold and silver are present ^d of 

^veral other metaLs. In a shaft put down in a neighboring ^ve^ 
Lindgren discovered stibnite (antimony sulphide) crystals, to¬ 
gether with grains of p>Tite, or marcasite (FeS >). 
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CHAPTER XIII 

RIVERS 


R.vrr^, includmc all running -Toani-. 

ixr<»un'l. il‘ ■ It 1 III. . n‘'l* th^v 

„f „,,U.>.n«l work. . ro.ioB, ‘ Aioh n.ore .ubj.ct 

,i,tTrr from tho aTmo-ph.-re ana >lu- ^t■a m .x a.ue ^ ^ ' 

♦ ; ,r-.1-'M\'i^i**< -I- the et'-‘'*criipt'iioul c> L R .iTICk ^.. 

tn y:\r\Aiun-\ in >hi’ir ^ ^ river sv^tems 

In vourli. maTurry. an.! oH aco, and in n-iu o ‘“p' '/ 

■ tVirouL-b -acr- of dr-velopmf-n^ 'vnioh arc mimh ^on ai. 
mTiv Tn'.rk,'a' than ra .ho cose .'i .ho- o-korourfaco aeon'?, and -hi> 
,i;v,i;.r.non, .o cond.n.anod and con.r.dlod by -ho rocky a,rue an 
,„■ ,„un.ry ,„ a n.anncr .har pann.har .o r. o n h n .he 
hn.orv of rivers dia' explains ,he parad.oxioal and b.horm.e 
inTclhciMc IvhaN-ior of >r-r many >Tnxun^. when ii would app^rar ^ 

,f ,hov must have l.-pm .hear oanors by runninc uphill, n-hen dro^ 
,,.nr,o avoid .1.0 easy path and .ako .he il.rfieul: one. A1 over 
, 1,0 ,vorld. rivers are soon .0 cut -hrouuh mountain ranees m a nay 
tha, tvouW s-a-ni 'o Iv i„ipass,hle. if rivers cut ihoir onn channdn 

h-. /.’ •o-.x. The .io?Trucnvc work ot rivers is. m .he 

•ictrn-paTo. far less imixmianr and ex-ensive ^han that accomplishe 
bv the atmosph. re. but it is much more smkim: because it is con¬ 
cent ni'ed alone narrow lines, not spread over the entire land 
.u-^'-iee Some of th.- mosT maenificent examples ot scenery, such 
as the Grand Cation of the Colorado, are principally the work of 
the river. Tiouch even here, atmospheric co.^peration has been an 
imp<-'rtant factor in pnxiuoing the won.tertul result. ^ ^ 

A eeruun amount of solu-ion and chemical decomposition is 
accomplished bv a nver ufHon the rocks of its Kx! and. m lime- 
.•ones. This mav Ix^ considerable, especially if the water is charged 
v^ath organic acnis from a swamp or peat-lxog. Limestone regions^ 
are marked by a paucity of surface rivers, the smaller ones m 
which pass into the subterranean channels which they have made 

bv dissohine the rock. These subterranean streams may. or may 

% 


not. reappear upon the surface. 
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Yen’ much more efEective than the chemical is the mechanical 
erosive work, which is dependent upon the velocity of the current 
and varies directly as the square of that velocity. The velocity 
of a current is the rather complex resultant of several factors, the 
chief one of which is gra-sity; the steeper the slope of the bed, the 
swifter is the flow of the water, with the maximum in the vertical 
drop of a cataract. A second factor, important in large streams, 
is the volume of water; with equal slopes the velocity varies as 
the cube root of the volume. That is to say, that if two parallel 


streams flow down the same slope, one of which has eight times 
as much water as the other, it will flow twice as fast. This is 
exemphfied by the bayous of the lower Mississippi, which have the 
same slope of bed as the river, for they leave it and return to it; 
yet, while the river has a swift current of five or six miles an hour, 
in the bayous the water seems hardly to move at all. 

Clear water can do httle to abrade rock except in the way of 


solution and, in the case of a stream flowing in a bed of limestone, 
the solvent action becomes important. When the Niagara, above 
the falls, was diverted, and part of its limestone bed e.xposed to 
^^ew, this bed was rough and jagged, corroded and irregular, to 
an entirely unexpected degree, due to the solvent action of the 
water. (See Fig. Ill ) Clear water can also remove loose ma¬ 
terials, sand, soil, and the hke. When, in 1900, the Colorado 
River broke into the Salton Sink in southeastern California, which 
is below sea-level, it cut a deep trench through the allu%dal soil 
t\-ith incredible rapidity, and it was with the utmost diffi^ty that 
the river was forced to return to its own channel. The great 
problem in the control of the Mississippi is that presented by the 

soft materials through which the lower river flows. 

A stream which flows in a channel of hard rock cuts into its ted 
bv means of the sand and gravel which it sets in motion, the 
stream supplies the power, just as does the wind in de^rt ei^ion 
but more effectively, because many rocks are somewhat 
bv being wet. The cutting materials are themselves abraded and 
worn down bv collision t^•ith one another and with the Jf^-rock 
angular blocks are speedily worn into cobble stones and these mto 

^locitv of the current. Quartz pebbles are rounded and ^e 

irregularlv spheroidal by being rolled along the bottom, 

® 1 _ r\-r canHstnnp. aTB discoiu&l* 
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In the case of complex minerals, the 

withsomcchcmicaUk-comjwsit.on ^ 

rotating orthoclase crystals m a f , ,v,.ni v mile-, i h.- fcM- 

When, after the equivalent of a ,i,,„ve.i i he presr nee of 

... 


potash in solution, though pov 
water for the same 
time did not give the 
reaction for potash. 

(Daubree.) 

The manner in 
which a stream cuts its 
channel and deepens 
it into a gorge varies 
much according to 
circumstances, though 
the differences are in 
the details of the pro- 
ce.ss, the principle be¬ 
ing the same through¬ 
out. Velocity of the 
current, character, ar¬ 
rangement, and large- 
scale structure of the 
bed-rocks, and climatic 
conditions, are the 
chief variable factors. 

A river which is sub¬ 
ject to sudden fluctu¬ 
ations of volume, being 
now a rushing torrent 
and again nearly dry, 
is a much more efficient 



Via. 10:i. Port k 

rcatli. Cornwall, Mn(ilati<i. \ all' > triad** l-y a tauit 
whit'll is .soen in clitT. ((h'til. Surv. (it. lint J 


--- ^ 

agent of destruction than one which maintains a more unit(.nii 

quantity of water, or fluctuates slowly. Si reams cut their o\mi 
channels, yet they take advantage of sp<‘eial lines of (lepres'ion 
or weakness. A fault or fracture and dislocation of the rocks 
is frequently selected by a stream, and, occasionally, ;i lren<-li- 
fault, or Graben, offers a ready-mad<“ channel. In l ig. H>d is 
seen a particularly favorable cas(> of a stream, the course ot 





zo-t 


i:\ inujJUv_/iiuiN lu 


which is determined by a fault, at Porth-Cadjack Cove, Cornwall, 
in England. The cliff in the foreground cuts across the course of 
the fault and shows it in section. The Au Sable Chasm, a re¬ 
markable stream-cut gorge, is in part determined by a line of 
fault, parti}' by joints, which have very great influence in locating 
minor streams. 

Of the various ways in which a stream effects the cutting of its 
channel, the commonest, perhaps, is by horizontal abrasion of the 



Fig- 104. — Niagara Falls from an altitude of 10,000 feet. (Courtesy of the 

Chief of Air Corps, U. S. Army) 


bed. Few data are available for the rate at which this work is 
carried on and, of course, the rate varies much in different streams, 
but the boring of the Sill tunnel in the Tyrol gave an opportunity 
to determine this rate under exceptionally favorable conditions. 
The rock from the tunnel was dumped into a water-way paved 
with granite slabs a yard in thickness, and swept down by a very 
swift current of water; so rapid was the abrasion that the granite 
was worn through in a single year. This is a very high rate; no 
doubt entirely exceptional, but it serves to show what a stream 
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can accomplish if there is a rap, cl current, abundant suppl.es of 

"TLrond“mthod“of gorgrcu.ting is by the ro.rea. o^a wa.er- 

Lrangement of hard and soft rocks of the 

whether the faU is >° t-~"'\"/j;t mtr'a,s bv under,, un.ng. 
surface rock m the Rhine at ScfialT- 

Lusen, which are in a limestone of un.forn. hardne.s, and Niagara 



Fir 105 — Diagram of the Niagara Kiver ana rai^ ir.dM. - 

Ontario (.STer LyeU; courtesy of Messrs. John Murray, D.n.l,.n) 

is a weU-knowB example of the latter. 

in a hard limestone which jnelds but slowly to the abnu ing , 
of the water, which is singularly free from sediment, owing to the 
“settUng basin” of Lake Erie. Beneath the limestone i^ a soft 
shale, which jdelds rapidly to the action of spray and especiall> 

to the winter’s frost. Consequently, the limestone is undermined 
and projects as an overhanging ledge, which, when no longer able 
to support its weight, falls in great masses. In this manner the 
verticality of the cataract is maintained and the retreat spasino<lic, 
averaging about three feet a year. The last great collap^- of the 
crest was in January, 1931, and affected the American T ail 

The little river Simeto, in Sicily, is of particular interest, lx‘caus< 
the history of its gorge is so well known and because it was studiec 
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and described by Sir Charles LyeU. In 1603 a lava flow from 
^Etna dammed the course of the stream and formed a lake which 
rose to the level of the lowest part of the lava, followed that to the 
downstream side of the lava flow and there formed a cataract, 
which immediately began to cut a ravine. The lava was not 
slaggj" or porous, but sohdified and cooled into an extremely hard 
rock. '^Tien LyeU \'isited the site in 1828, he found that in two 
and a quarter centuries the stream had cut a gorge 40 to 50 feet 
deep and varjdng in width from 50 to several hundred feet. “On 
entering the narrow ravine where the water foams down the two 
cataracts, we are entirely shut out from all %uew of the surround¬ 
ing countrj'; and a geologist . . . can scarcely dissuade himself 
from the behef that he is contemplating a scene in some rocky gorge 

of verv ancient date. The external forms of the hard blue lava 
%• 

are as massive as any of the oldest trap-rocks of Scotland. . . . 
But the moment we re-ascend the cliff, the speU is broken, for we 
scarcely recede a few paces before the ra\Tne and river disappear 
and we stand on the black and rugged smface of a vast current of 
lava, which seems unbroken and which we can trace nearly to the 
distant summit.” 

Another method of excavation is by means of linking together 
a line of pot-holes, by means of which a smaU inner gorge is formed. 
A cataract in its retreat forms a series of these holes, each one 
cutting away the partition between itself and its predecessor, as 
is exemplified in Watkins Glen, New York. How frequent and 
important this process is cannot weU be stated, as observations 

are lacking. 

A gorge cut out by a stream has, at first, vertical waUs, but these 
waUs are attacked by the atmosphere, the stream removing the 
debris as fast as it is formed. As the upper part of the gorge was 
usually the first formed, it has been exposed to the atmosphenc 
attack for the longest time and is thus the widest. The vertical 
sides of the gorge become sloping and the gorge is then V-shaped 
in cross-section. This widening continues untU the river vaUey 
is broad, with gently sloping sides, though the gorge form may 
retained where the stream crosses especially hard bands of roclq 
as in the “gaps” of the Delaware, Susquehanna, Potomac, and 
other Atlantic rivers, where they cut through the mountau^. A 
steep-sided gorge is thus relatively youthful, but in an and 
d will persist for a much longer period than in a pluvial one. (oee 
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Frontispiece) In the Far West, where the canon form of gorge 
is so frequent, the drj^ climate preserves it much 

sharp winter frost, only the ver^' youthful streams have retamed 

the narrow, steepHsided gorge, r .u 

These youthful streams are aU in the glaciated area of the con¬ 
tinent, from which the ice disappeared only a few thousand years 

ago, leavdng behind it 
a mantle of glacial drift 
which obUterated the 
minor streams and 
valleys and ov^er much 
of the ^liddle TVest 
actually reversing the 
direction of drainage. 

The thousands of 
driven wells and bor¬ 
ings which have been 
put down for water, 
oU, and gas give the 
data for mapping this 
ancient drainage sj-s- 
tem. The greater 
rivers, such as the Con¬ 
necticut, the Hudson, 
the Delaware, etc., re¬ 
tained their valleys 
and re-occupied them, 
when the ice disap¬ 
peared, but innumer¬ 
able new streams were 

established on the drift surface, which had a general southward 
slope, and speedily cut through this loose material into the under¬ 
lying rock. The depth to which gorges can be cut in the rock 
depends upion the height of the region abov'e sea-level, for streams 
which enter the sea cannot cut below that level. The many pic¬ 
turesque gorges in New England and New York, such as the 
Au Sable Chasm and Watkins Glen, are all post-Glacial in date of 
origin and there has not been time for the atmosphere to widen 
them into the typical V-shaped stream valley. 



Fig. 106. — Canon of \irgin River, Utah. 
(Photograph by Hillers, U. S. G. S.) 
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Plateaus of Utah and Arizona, which reach an elevation ot over 
10 000 feet. The Grand Canon is over 200 nnle> ong aie ro n 
4,000 to 6,500 feet deep. The diastrophic upheaval ot tha region 
whether gradual or spasmodic, has kept the river at t le a itr i > 

its efficiency, like the feeding of a log to the saw m a 

and enabled it to cut to such profound depth. Whether the n>( 



Fig. 108. — Grand Canon of the Colorado River, Anz. 

of Air Force, U. S. Arm\',) 


I Court CSV (jf tlie Chief 


is still in progress is not known, but the rivt^r-bed is s 
or more above the sea, the current is extremely swift 


till ROOD feet 
, iiuil er(U'ion 


is still rapid. 

In cross-section, the canon is in two parts, the outer and upper, 
and the inner, lower gorge. As the river has cut Iroin :ibo\e tlown- 
ward, the outer gorge is older and much wider than the inner. 
The width varies, but is as much as thirt<.‘en miles fr<^m rim to rim, 
and the walls of this older portion, which are sedimentary rocks, 
have been carved by the atmospheric agencies into the wildest 
and most extraordinary labyrinth, which, together with tlu‘ bril¬ 


liant coloring and the grand scale of the toprigraphy, make the 







AN lNTl^ ‘hlA 'ri^>N » (;KmLi.(;v 


2(3U 

canon the marvvliai- r-iv-c'^cU- i’ i'. llv;- tlncr I'f tlv* t>ur^r 

iZortre is ntairly liut uici 'rv^-rKl whil-* ^h'* nnnrr can'*11. 

SMme 2 . 5 'Mi {x-ri 1- very iiarruw an -1 i.- cu* 'iir<'Utrh much 

liarder. ni'O'ly crystalline r<'cks. Tlo' D-laMVt* yMinhiulm:--. nf 
the inner cafmn and tie- en-a’r-r Iv.irdnt-ss of 1*- walN accuint. to 
sorne extent, tor tlie ex’ra<'r'.iinary tlitlert-nco in h*' ^^ld■ll vind the 



V V •• R-ivrr S"U*h Rh'uiesia, l-"-.sirig up 

Fie Iii'4. \ u-'..na I-aii? . rv-v^o. _ ^ .0 , 

rh^- nver. 'C'»uro:'>y oi Oit' Ainr... c»etr.i v 

-culpuiring "f ’he two par.' of the Grand Canon, laii. ^t■r^ proG 
:a,lv nwr. aiaOwr r.a^on for rhi^ ditf.renco, nainely, rhe chan?, 
of diin-o. frniii to and. which tollowed the di^:.ppc.trme. '■ 

;he icV'o dw Glacial Kp.ch. That moh a chm?e 

pl.ee there e abundant evidence and in the regu-n oi the RmT> 

yr" ' ■ .^1 .he Hich Pl-te-ui- there are many dry canon.- 

which have been ubandon.d by the -ream^ tha, cu. them, 

^ t*!'. .a 1 TAt ' 41 Ti T ^ Iro» 
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The gorge of the Zornbeh in South Africa, which ha. lean 

r £nl 

than a mile wide and plunges mtu the Lha^m. uhuh. . ranc 



Fig. 110 . ^ Victoria FalF. l-fkine .lowns-r.-arn. t-hov,:.- /wzae 


helow The Falb. Dark area in Mte rV»rt-ero’ :tv i i. 
(Courtesy ot the Aireralt c.tperaTir.ij C o.. L'>ri'i"n' 


lu' river al hall5. 


say. run.s directly across the course of the -tream and cw. s its 
position to a line of fault. From th*' ChKi.-m the only out let is 
by means of a narrow gateway of only 5ti to 6n yartis in NMdih, 
through which the water rushes with tremen<iou< velociiy. d'h.' 
gorge continues for 40 mile< in a series of zisizags. sharp iten.is 
almost at right angles, the h.tcarion of which ha- iteen e(,n?rt>lleil 
by the lines of jointing in the rock and of which there are a humlred 
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'r iruTt'. A n<-\v zi!;z;is would sofin to ho forming at the western 
■nd 'if 'lit' Victoria Falls, where the separate cataract, known as 
LeaPins Watt r. has a.lreadv cut 25 feet below the level of the main 
fall aii'd n.us: eventually divert the whole stream. 

L:ike Tojiango. in ilie Gen'ral American republic of Salvador, 
which is volcanic ami >0 surrounded by steep mountains as to have 
no room lor lioriZ'Ura.l expa.nsion, rosC' fisur feet in the first eiays 



o^ .l-’ Uarv, G-n. pro;.:d.’y i'. caum of volcanic diourhances which 

i .-w idan i~'iii -he middle of The lake. The outlet 
-1 .Id.on. whi'-h wa-. before the elisturbances began, 
v.'.v'dadi. w m.d "idv 'w-n-y feet wide, was converted into a 
f,iro,o~ . Ti.i^'eroa- increase in volume and velocity (mrre- 

ip.:r..i;T.av I •1..' '-ron.- pov.r r,f .hp currenp " t'* 

i ’vr, cV.xi.tp i vr.k'iinic- iv'ck- to a depth ot tmr ^ 

•pi i.; i.. 'um. nermanenily lowered the lake-lexel more 
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As a river cuts downward into its bed, it diminishes 
terStLcavation is done at a constantly tiimmishing rate and 

unless the region is elevated, must come to an end. ft hen 
limit is reached and vertical excavation ceases, the river is sa 
m be at base-lecel, or to be base-leveled, and then the course of the 

stream^ f^o^ijource^to mouth, appro^mtes a^ • 

there may be local | 

lakes^ are ejAemeral — Pot-hole. fiUe<l with water. Glens 

and rivers much longer- Falls, X. Y. (X Y. State Survey) 

lived, the streams vill 

gain a new base-level when the lake has disappeared. The tribu¬ 
taries of a stream have their base-levels determined by the trunk 
into which they flow and, as that trunk stream lowers its channel, 


x5 




-It.. . 


\ 






r. 

t 


it 




</ 

»r# 


-r 






^ i J '*■ 




Fig. 112. — Poi-hole. tilled with water. Glens 
Falls, X- Y. (N- Y. State Survey) 


the tributaries keep pace with it. 

The velocity of a stream is subject to local variation.^, fall^j 

rapids and eddies alternating with reaches of quiet water. At 

the foot of cataracts, or at the bottom of eddies, the water acquires? 

a circular motion, causing loose stones and pebbles to gyrate on 

the bottom, and if that bottom is of hard rock, the re\oKing >tone» 

will cut a circular shaft. The diameter and depth of the pot-hole 
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(kettle hole, or giant kettle) so generated will increase so long as 
the waterfall or edd\' remains at the same point and as the cataract 
usually recedes by sudden increments, owing to the undermining 
and fall of the crest, the pot-holes remain circular and a new one 
is started at the new position of the cataract. Pot-holes are also 
generated in the bed of a glacier, where a stream, flowing on the 
surface of the ice, p>ours down through an op)ening in the ice and 
sets stones revohdng on the rocky floor. The glaciated part of 
the United States, especially near the margin, where the ice was 
relatively thin, has innumerable p>ot-holes which are filled up 
with drift and are therefore discovered onlv bv accident. Some 
of these are large chambers of surprising dimensions and regularity; 
pot-holes of fifteen feet or more in depth and diameter have been 
found and they testif}* to the length of time during which the 
waterfall through the ice remained stationary". 

Most of the Atlantic rivers of North America have already 
reached base-level, and such rivers as the Connecticut, Delaware, 
Susquehanna, Ohio, etc., etc. are not deepening their c hann els. 

The erosive work of a river does not cease when base-level is 
reached, for the stream cuts laterally, broadening the channel, and 
excavating a valley much wider than itself, because it swin^ from 
side to side, undercutting and undermining the banks; and this 
continues as long as the current has any perceptible velocity, 
especially, of course, when flowing in soft, aliu^ial soU. 

Transportation by Rivers is the most important of their geolog¬ 
ical acti\ities, for they carry away the debris furnished by their 
own acti\'ity and that of the atmosphere. No other of the surface 
agents is so efficient in transporting to the sea the waste of the 
land as is the river. This transportation is of two kinds of material, 
that which is in solution and that which is in larger and smaller 
pieces, grains, and particles. The soUd material is, in part, pushed 
along the bottom by the current, which is unable to lift it and, in 

part, carried in suspension. 

Materials Mechanically Carried. The transporting capacity of 
running water varies as the sixth power of its velocity, which means 
that if the speed of the river be doubled, it can carry along sixty- 
four times as much sediment as before. This very’ surprising 
result has been demonstrated both experimentally and math^ 
maticaUy. The formula refers more particularly to the coarser and 
hea^’ier materials which are pushed along the bottom and does not 
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apply to the very fine particles of clay, which are in a <=*dal state 
and remain suspended indefinitely, even in still water From this 
it follows that a slight acceleration of the veloci^ty of tje curr^t 

make it drop much of the material carried. Such a ^^^er ^ the 
lower Mississippi, flowing through alluvial deposits, and ^^h con¬ 
tinual variations of volume and velocity, seems to act ’J^th t 
utmost capriciousness, cutting away the bank on one side, buildi g 
it up on the other, forming a bank or an island around a snag and 
sweeping it all away the next week. Small increases or decrea^s 
in the swiftness of the current produce remarkable changes in the 


bed and banks. , x 

The buoyancy of water is an important factor of its transport 

ing power, because, when any substance is immersed in water, it 
loses weight to an amount equal to the weight of the water dis¬ 
placed. The specific gravity of most rocks is from two and one- 
half to three and, when immersed, they lose from one-third to two- 
fifths of their weight in air. The shape of the fragments also has 
an influence in determining the speed of current necessary to move 
them; the larger the surface of a particle in proportion to its mass, 
the more easily is it carried in suspension. Flat grains, or scales, 
are carried farther than round ones, while the rounded pebbles 
are more easily rolled along the bottom when too heavy for the 


current to lift. 

The extraordinary. ratio between velocity and transporting 
power explains the destructiveness of sudden and violent floods, 
of which there have been so many in the past century. The ter¬ 
rible flood which, in 1889, overwhelmed Johnstown, Pennsylvania, 
with frightful loss of life and destruction of property, remains a 
particularly instructive example, because it was so carefully ob¬ 
served and studied during and after the catastrophe. The flood 
was caused by the bursting of a dam near the head of the Cone- 
maugh River, down the narrow valley of which the immense vol¬ 
ume of water rushed at a speed of twenty miles an hour. An eye¬ 
witness declared that on the front of the wave no water was visible, 


but a confused mass of soil, rocks, trees, and frame houses, which 
were held by the stone railroad bridge near the town. The soil 
was swept away to bed-rock; great locomotives and steel girder- 
bridges were carried for miles like so many chips ; heavy steel 
rails were twisted into corkscrew spirals or broken into lengths of 
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two or three feet. All buildings T^dthin reach of the water were 
destroyed, and. after the flood had passed, the scene of destruction 
was indescribably dreadful. 

The greater part of the debris carried by a river is supphed by 
the work of atmospheric destruction; rain washes in fine material 
and frost and landslips bring in the larger masses which are trans¬ 
ported by mountain torrents. To this the river adds the material 
derived from the erosion of its bed and its banks, which fall in from 
undermining. These statements, except the last one, do not apply 
to rivers like the f^Iissouri and lower ^Iissi??ippi, which flow in 
beds of soft alluvial soil, which they pick up and carr}- away in 
great quantities ; their burden is chiefly of their own making. 



T-j,- 113 _ Krra-innv Ridse from 10 miles south showing the level skyline 
and the t^ndening of the Delaware Water Gap at the top. An mtervemng 
i‘^ ‘rA0ril5 lo'Wcr psrt of Oixp. 


:<nlu’^on. A variable amount of dissolved sub¬ 
stances is always present in river water and these are the same as 
those found in'spring water, from which they are mostly denved 
bv The river, though in somewhat more diluted form. Ram water 
falls ilirectlv into the stream and, in much larger quantit>, runs 
in from the’ hanks, more than balancing the loss by evaporation. 
In verv drv regions, where this influx of rain water is at a mimmum 
and where streams are fed almost entirely by melting snows on e 
mounutins, the b-. by evaporation is ver,- much 
nver water Ix-comes a more concentrated solution of salt, o , 
borax, alum, calcium carbonate and sulphate or t e ^ . 

^uS!^-treams end m a salt lake or die away m the desert sand, and 

their war.-rs are unfit for use in varvdng degree. 

G -'.. ou.n.i.v ..f »lkl and m .olukon k .nnoualj^ 

. a ... }„• nvors. D? Lippamm calculates that the 
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amount so transported is 16 cubic kilome ers, ^^ough accum^ 

to make an approximate estimate of the whole. Of material 
mechanicaUy transported, the Mississippi discharges ^ 

feet, enough to cover one square mile to a depth of 268 feet, 
this should be added 2,850,000,000 cubic feet, the estimated 

amount of material in solution. 

Rivers differ greatly in the amount of material transported j^r 

unit of volume, according to the slope of the land, ^e ? i- ^ 
current, amount of rainfall, and the like. The great rivers of Indja, 
the Ganges and Brahmapootra, which enter the Bay of Bengal by 

common trunks, transport more than times as ^ ^ 

ter as does the Mississippi — in round numbers, 40,000,000,0^ 
cubic feet. The great rivers of China discharge so much sedi¬ 
ment that the whole Yellow Sea is discolored by it. The greatest 
of all rivers, the Amazon, owes its vast volume of water to the 
heavy rainfaU, especiaUy on the eastern side of the Andes, over 
its drainage basin. Though this basin is only twice as large as 
that of the ^Mississippi, the amount of water discharged is more 
than five times as great. The quantity of sediment carried has not 
been determined, but is probably in proportion to the volume of 
water, for the Amazon has bmlt a submarine delta which extends 
out to sea for 125 miles and has depths of less than 10 fathoms 


over it. . . 

Deposition by Rivers, FluviatUe deposits are becoming increas¬ 
ingly important in the history of the earth, and much that was for¬ 
merly ascribed to lakes is now believed to have been accumulated 
by rivers. Much of the material laid down by streams has but a 
temporary resting place, and when the next high-water stage 
comes, is again picked up and carried aw’ay, but there are certain 
points in a river’s course w'here deposition is more or less constant 
and where relatively permanent fluviatile rocks are formed. Trac¬ 
ing a river from its source in the highlands down to the plains and 
the sea, the slope diminishes and, with it, the transporting power 
of the stream. In the upper stream, which is a torrent in swift¬ 
ness, only large stones can lie in the channel and even these are 
swept dowm when the stream is in flood. Farther dowmstream, 
with diminishing velocity, coarse gravel and cobble stones are 
deposited, but in swift streams the clashing and grinding of stones 
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along the bottom can Ix' plainly heard in the Rhine so far down¬ 
stream as the Lorelei. Still farther, fine gravel is laid down, then 
coarse sand, and next fine sand. In the lower reaches of a river 
like the Mississippi \\ith bed of verx' gentle slope- and but little 
above .•x'a-level, onlv the finest silt is carried. There i' a great 



Fig. 114. 


Boulders washed down hy flood. Felch Gulch. Ct-l 

bv Cross. I. S. G. 


iPhoTograph 


differencf between the high and low stages of water as to the sconr- 
7, and depositing at a given point, coarse matenals t^.ng earned 

farther down at high water. 

points where the current of the stream mMts a 

check There wiU be constant deposition and thus bars and isUnds 
are built up in the channel which will be permanent unless the e 
rsome change in conditions. In the sand-bars and gravel-spits 
thi upstream'side is a gradual slope, ending abruptly on the down- 
Tream dde the spt. advanc.ng by hating sand or gravel pu-hed 
, _I„ Iwsoiirtra -iTid droDoed over the steep tace. wher 





^orms inclined layers. Flattened and elongated pebble, arring.^ 
themselves in a slanting position, with tops downstream, s. . ' 
,ffer the least resistance to the current, ^^hen the stream is s 
hding. the deposited material tends to assume a honzont. . ^ 

fade and thus a confused arrangement, known as cro.s 
,r cnnrvt bohlmo. is the result. The.se apparently trivml features 
ire of importance as enabling the observer to idemity the depots 
made in a river channel, which in cross-.section form a lenticular 
bodv. It should be added that cro.<s bedding is by no means con- 

TO river (lep(>>it>. 













Fig. 11.5. — Vmirhful gulch and alluvial fan. R"ck Co., Wis. 

iiv Alden. I*. >. Cl. S.) 


^PhnToffraph 


Alliirinl Coras or Fans. Where a swift, heavily loaded torrent 
debouches on a flat surface, its velocity is greatly reduced and most 
of the material carried is immediately thrown down and spread in a 
fan-shape from the mouth of the ravine down which the torrent 
flows. The thickness of the cone is greatest at the mouth of the 
ravine, the fan thinning and widening from that point. When 
several such torrents descend to the plain near together, their fans 
may coalesce and form a continuous fringe along the base of the 
mountain. The slope of the cone's surface diminishes with the 
size of the stream: in small streams it may be as much as lOc 
These cones, or fans, are formed on the same principle as deltas 
and might properly be called terrestrial deltas: they occur on a 
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creat =>cale in the Rocky Mountain and Great Basin regions. In 
the Argentine Repubhc, along the front of the Andes temporarj’ 
rivers formed bv the melting snow in spring, cany^ down enor- 
moU 8 '’quantities 'of mud and line sand and spread it out over the 
plain, ii-here rivers empty into the sea, 

interior arid basins, 
without outlet, verj,’ 
great thicknesses of 
river deposits may ac¬ 
cumulate and, in con¬ 
junction with wind- 
made accumulations, 

many thousands of feet 
of sediment may form 
in such basins. 

Flood Plains. Rivers 
are subject to floods, 
in which the vastly 
increased volume of 
water cannot be con¬ 
tained in the channel, 
but spreads out over 
the low ground on each 
side to an extent which 
is determined by the 
width of the valley, 
5 called the flood plain. 



Fig 116 — .^u^^al fan, Emerald Lake Bniish 

^ Columbia. (Geol. Sur^-., Canada) 


and the ground thus “'^^^^^eatirdiminished velocity 

over pf "■ r 

causing the diSrent streams. UsuaUy it is very^ fin* 

rate^ arut:'r IhL^tdW. as does the Shoshone Rfve 

in the Big Horn Basm the channel and th 

The contact between . , .-erv clearly demarcated an 
almost stagnant water rf t e p deposition, whi* 

forma, on each T'' ^ ^ lopts like artificial levMs (Fi 

bmlt up above the flood lev ,^^^3 ,h, heavily loaded strM 

118) because thaUmedjo^ ^ehect 
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velocity in the channel itself usually causes scouring and deepen¬ 
ing there, though the next season of low water may fill it up to the 
former level. Under other conditions, espt'cially if the region be 
slowly subsiding, both channel and flood plain may l)e built^ up. 
The same result follows if entbankmonts prevent the river from 
spreading over the flood plain, and, in such case, the embankments 
tnust be raised as the channel is filled. The principal rivtu of 
northern Italy, the Po, has thus been restrained for centuries past 



P,,. iis. - Kuoumav River in flood, showing line., of deposition at eontaet 

of ehaunel and flood-plain. d>eol. mun .. C .mad. 

and in part of its course flows in what seems to be an 

Past Ferrara it flows at a level above the house tops and is a con- 

^^^\n unreirained river in flood converts the whole broad vallev 

?o which is due the inexhaustible fertility of the country througl 
five thousand years or more. That the .an p . 

adopted for the pulf Even in the arid basins thes 

k; ;,aid ,0 the oitar deposits ta filling the bastn. 
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Even in climates of heavy rainfall, great interior basins occur, 
which, though they are drained to the sea, are deeply filled with 
river deposits. The interior of South America, drained by such 
rivers as the Orinoco, Amazon, Paraguay, etc., yields an example 
of such basins. '^Tiere there is abundant rain, the flood plain is 
thickly covered with vegetation which both protects and holds 
the river deposits. In arid climates, the flood plains are bare* of 
vegetation for most of the year and the river muds are exposf'd to 
the sun. Areas of mud, thus exposed, shrink in drying and crack 

in deep fissures which in¬ 
close polygonal figures, as 
may be seen in any drx'ing 
mud puddle. Cracks so 
formed are called mud or 
sun cracks, and may be 
preserved indefimitely in 
the rocks formed from 
flood-plain deposits. 

In such accumulations 
there is apt to be a differ¬ 
ence in the material thrown 
down in the earlier and 
later stages of the flood, 
because of the difference in 
the rate at which the water 
moves. After the river has ceased to rise, the water over the flood 
plain becomes almost stagnant and throws down verx- fine material. 

After the flood waters have withdrawn, it is this fine mud w hich 
is dried and cracked in the sun, the cracks remaining opien till the 
ne.xt high water. When the flood again arrives, it brings some¬ 
what coarser material, often fine sand, which fills up the cracks and 
thus preserves their outline. Footprints of animals have often 
been preserved in similar manner, being baked hard in the hot sun 
and then buried under the deposits of the next flood. Mud cracks 
and footprints and even the impressions of rain-drop^ are fre¬ 
quently found in the rocks and give valuable aid in detemtining the 
conditions under which those rocks were formed. 

In geologically ancient flood-pla 
that made them deserted long ago, 
by coarser materials, cross-bedded 



Fig. 119. — NIud crar-ks. delta of the 
Colorado River, ^le.xieo. (PhotOCTaph hy 
GUbert, U. G. 6 .) 
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into sandstone and conglomerate. Wlien those channels are laid 
down on a map, their sinuous course, of great length in proportion 
to width, and their ramifjdng branches clearly mark them as an 
ancient system of drainage. The channels were often shifted and 
abandoned and then were covered over and buried by renewed 
deposition on the flood plain. Such channels and the broad, regu¬ 
larly stratified flood-plain deposits cover very extensive areas in 
South Dakota, Nebraska, and others of the Western States. Many, 
perhaps most, of the bad lands have been carved out of these soft 

fluAuatile rocks, while some are lake deposits. 

River Terraces and Old Gravels. The lower courses of many 
rivers, including most of those in the northern United States and 
some in the southern, are bordered by a succession of terraces that 
rise symmetricaUy on the two sides of the stream. Sometimes, as 
in several EngUsh rivers, the terraces are at different levels on the 
opposite sides. The formation of these terraces is due to the two- 
fold acti^■ity of the stream in excavating one part of its valley and 
building up another. Owing to this combined excavation and 
building up of the flood plain, the trough of the nver tecomes so 
deep that floods no longer suffice to fill it, especially if the velocity 
of the current be maintained, or even increased, by a diastrophic 
elevation of the drainage basin. Then the river wide^ its ctol 
and forms a new flood plain, cutting back the edges of the old one, 
which it no longer overflows, thus convertmg it into a terrare, 
which is a remnant of the old flood plain. This process may be 
repeated several times, forming a succession of terraces, one above 


“Fmm lUs account it foUows that the highest terrace is the old- 
e.t and the lowest is the last one formed. This seems to be ^ 
exception to the rule that in an undisturbed senes of 
deposits, the oldest must necessarily be at the bottom and the ne - 
est^t the top; but the exception is only m appearance, n 
reaUty for the deposits of the terraces are not actuaUy super^sed, 
one on’ the other,^ut merely formed at successively lower l^els. 

If the mer noweu _ ^ 


''i:;;Ltrical terraces, which are either confined to ^e ^de ^ 

the river or are at different levels on the two sides, are formed 

vallpv bv encroaching on one side, 



RIVERS 


275 


shifting the channel toward that side and deepening it at the same 
time. This will result in the formation of a series of terraces, each 
representing a former position of the river, on the side away from 
which the channel is shifting; if the shift be alternately m opposite 
directions, terraces will be formed on both sides of the river, but at 

different levels. . 11 

Another, less frequent, mode of terrace formation should be 

mentioned. If a river which has excavated a wide and deep valle> 
has its velocity diminished by the subsidence of the region, the 
excavation will not only cease, but filling will take its place. The 
Hudson River, after cutting a deep rocky gorge, was so depressed 
as to be “drowned,” that is, its valley was invaded by the sea and, 
for the most part, converted into an estuaiw’. .A.s a consequence, 
the gorge was filled with several hundred feet of mud. Should a 
reelevation of the country take place, the rejuvenated river will 
immediately begin to cut a terraced channel through its own de¬ 
posits. In such case, the deposits are a continuous body and those 
at the top were the latest-formed. The rivers Mersey and Irwell, 
in England, are believed to be examples of this mode of terracing. 

Rock terraces in a river valley are the result of erosion only and 
are due to the harder ledges of rock exposed in the excavation. In 
all cases, terraces mark the .successive levels at which the river ha.s 
flowed and they do not imply, as would seem to be the obvious 
explanation, at first sight, that the river was once verv' much larger 
than at present, filhng the space between the highest terraces, and 
that the lower terraces represent successiv'e stages of shrinkage. 

Bars. A bar is a shoaling of the water at the mouth of a river, 
because of the loss of velocity of the current, when meeting the 
still water of a lake or the sea. Though the sea may be violently 
agitated by waves, it puts an end to the flow of a river; currents 
in the sea may continue to transport more or less of the stream’s 
load, but that does not prevent the formation of a bar at the river’s 
mouth. The real mouth of the Hudson is six miles below Albany, 
where the river enters the tidal estuarv*, and there is a bar at that 
point. There is another bar at Sandy Hook, where the current of 
the ebb-tide, laden with sediment, enters the ocean and has its 
velocity checked, depositing its load, the tide acting hke a river. 
As bars are often serious obstacles to navigation, the necessaiy 
depth of water is maintained by dredging, which must be con¬ 
stantly repeated, for deposition at that point goes on continuously. 
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The Mississippi River enters the Gulf by several mouths, called 
“passes,” and the Southwest Pass, which discharges more than 
half the volume of the river, was so shoaled by the bar that ves¬ 
sels drawing more than 16 feet could not enter. Converging jet¬ 
ties, 4 miles long on one side and 3 miles on the other, and narrow¬ 
ing the channel from 6,000 feet at the upper end to 3,600 feet at the 
seaward end, were built in 1903-09 and so increased the velocity 
of the current that deposition ceased and the bar was scoured away 
to a depth of 35 feet. Above the bars, the river is 200 feet deep. 
The first improvement was of the South Pass by Captain Eads, 
whose jetties, built in 1875^79, deepened the channel to 25 feet. 

Deltas are accumulations of river deposits at the mouths of 
streams, built up above the surface of the water into which the 
stream discharges. The factors which determine the fonnation 
of a delta are not altogether clear, but one of them is evidently the 
presence or absence of a strong tide and another is the existen^ and 
rate of a diastrophic movement of the coast. In lakes and tide- 
less seas, almost aU streams form deltas, while rivers that empty 
into the ocean, or into seas with strong tides do so by means of 
estuaries, in which the sea encroaches on the land. North Ameri¬ 
can rivers that enter the Atlantic have tidal estuaries, while tho^ 
that flow into the Gulf of Mexico build up deltas. In Europe the 
rivers which enter the Mediterranean, Black, and Baltic seas have 

deltas- Atlantic rivers do not. The Thames and the R^e 
empty’into opposite sides of the North Sea, and the latter has bull 

Afrl an rivers, the Niger and the Congo, which eznpty on the west 

an estlry. The combined Ganges and Brahmapootra have an 
i« delta in the Bay of Bengal, buUt up in spite of a powerful 

n' the sea bottom is subsiding faster than the river deporits 
material no delta will be formed, but a slow and 

San Joaquin from the south; 

umtea m is a submarme delta, as is 
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revealed by soundings. Here, delta formation b^n arrested 
and the delta entirely submerged by a movement of subsiden^. 

When a sediment-laden stream flows into the comparatively 
stationary waters of a lake or sea, the velocity of the current is 
checked and the greater part of the load is rapidly thrown down. 
Deposition is much more rapid in salt water than in fresh, for the 
dissolved salts are electrolytes, which cause the precipitation of the 
flocculent, colloid particles of clay, which in fresh water remain 
suspended indefinitely, just afe a pinch of alum wall clear muddy 
water in a surprising manner. Such rapid accumulation of .^di- 
ment obstructs the flow of the river and causes it to divide and 
seek new channels, especially when in flood, and form a network of 
sluggish streams meandering over the low flats. The height of the 
delta is increased by the spreading waters of the nver and the 
growth of vegetation. Though the Mississippi delta is an area of 
subsidence, two-thirds of its surface is above water at ordinaiy- 
stages of the river. If it w'ere not obstructed by levees, the river 
would inundate most of the delta in times of flood, when the uncon¬ 
fined waters would form a lake 600 miles long, 60 miles wide, and 

with an average depth of 12i feet. 

The sediment of which a delta is made up varies in accordance 
with the velocity of the stream that made it. ^\hen mountains 
are near the coast, the rivers flowing from them may be so swift 
as to make a delta of coarse gravel, but not always. The Fraser 
River of British Columbia, which enters the sea only fifty miles 
or so from the mountains and has a strong current, deposits gravel 
in only a few places in the channel and nothing but fine .sand and 
silt reach the sea and are throwm down on the delta. 

In a delta three different sets of beds are distinguishable : (1) the 
bottom-set beds, usually composed of fine material, spread out in 
regular, nearly horizontal layers over the sea-bottom ; (2) {before- 
set beds, which are made up of somewhat coarser sediment, in layers 
which have a decided, sometimes steep inclination seaward, depend¬ 
ing upon the depth of water and abruptness of the slope (the 
fore-set beds are like the layers of earth shot over the end of an 
advancing embankment); (3) the top-set beds, which, laid on the 
upper ends of the fore-set beds, as the latter shoal the water, are, 
like the bottom-set beds, nearly horizontal and, for the most part, 
of subaerial origin. The fore-set beds usually make up the greater 
part of the delta’s volume, but the other beds cover a wider area. 
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The characteristic features of a delta are of importance to the 
geologist, as enabhng him to identify them among the ancient 
rocks of the earth’s crust. According to present information and 
behef, they play a significant part in that crust. 

The rate of delta growth is the complex outcome of several vary¬ 
ing factors, the quantity of sediment suppUed by the stream, the 
depth of the sea, or lake, at the river’s mouth, the power of the 
waves, tides, and currents to distribute the sediment. The fact 
that fresh water floats upon salt wfiter prevents a complete and 
i mm ediate mingling of the two, and a thin layer of fresh water may 
carry mud far out to sea, though much the greater part of the 
river’s load is thrown down near its mouth. The delta of the 


:Mississippi has an area of 12,500 square miles and advances into 
the Gulf at the rate of a mile every sLxteen years. The combined 
delta of the Ganges and Brahmapootra measures about 50,000 
square miles and is still advancing into the Bay of Bengal m spite 
of a strong tide. The delta of the Rhone has been built out into 
the Mediterranean for more than fourteen miles since the begin¬ 
ning of our era. The Italian coast of the upper Adriatic is fringed 
with delta deposits, which have groviTi from two up to twenty miles 
since Roman times. On the other hand, the Nile delta has grown 
verv' little in the last 2,000 years, for a strong current along shore 

carries away the mud and silt. • j j 

Partly by the aid of the floating fresh water, partly by wmd and 

tidal currents, the finest sediment is carried far out into deep 
water. As before mentioned, the submarine delta of the Amazon 
extends 125 miles out from shore. Debris from the Indus is car¬ 
ried out 800 miles from the mouth of the river and cowre 
of more than 700,000 square miles of the sea floor. Though t^ 
Congo enters the Atlantic by means of an estuary which h^ sul> 
merged a rocky canon, yet the muddy water may be seen 30 mfles 
out \o sea. :Many more instances might be given to s^ow that 
river deposits form thick masses near shore and m ver>^ thm sheets 
cover extremely wide areas of the bottom of the sea. 

Dellas in Mes do not difler in principle from f 

the sea except in certain matters of detail. Sediment, es^ 
cially the finer sorts, does not go down so rapidly m fresh water 
as in salt and is, therefore, spread over wider are^, giving the 
face a gentler slope. Lakes are so often in and near mount^ 
tZ the inflotfing stmtms are much swifter than those whtch 
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enter the sea, which have followed, in most instances, very long 
courses and discharge only the finest material. Measurements of 
delta growths in lakes have been made chiefly m Sv,-itzerland, for 
the delta of the Rhine in Lake Constance, of the upper Rhone in 
the Lake of Geneva, and that of the Aar in Lake Bienne. 

The combined effects of atmospheric and river erosion and 
portation are thus a steady, if ver>' slow, removal of the land 
The figures of annual waste, in tons or cubic feet, seem colossal, but 
not when compared with the total cubic content of the continents 
and islands. The rate of removal varies greatly in different regions 
and in different chmates; slope and rainfall are the principal deter¬ 
minants, as is clearly seen when the basins of the Mississippi and 
the Ganges are compared. Taking only solid, suspended matter 
into account, the amount carried by the former and discharged 
into the Gulf of Mexico means a lowering of the surface of the 
whole basin one foot in 4,920 years, while the drainage area of the 
Ganges is planed down considerably more than twice as fast, one 
foot in 1,880 vears. The difference is due chiefly to climate, for 
the weste’m portion of the Mississippi Valley is a semi-arid region, 
while the Ganges heads in a region of exceptionally hea\T precipi¬ 
tation. 

Under exiding conditiom of rainfaU and slope, the annual waste 
of all land surfaces is approximately 11,400 cubic feet per .square 
mile, but, almost certainly, this amount was ver>' different in times 
geologically ancient, sometimes much more and sometimes much 
less. So far as our information extends, there were periods of 
higher and more extensive continents than at present, alternating 
with lower and smaller land areas. There were also great differ¬ 
ences of climate, long periods when the whole northern hemisphere 
was arid, and times of greater rainfall. These differences must have 
had a profound effect upon the rate of land waste and sedimenta¬ 
tion. The present rate must be much greater than the average 

of past ages. 


The Development of River Systems 

The classification of rivers is made from several different points 
of view. One distinction that is universally made, both in techni¬ 
cal language and the vernacular, is that between trunk stream and 
branch, but it is not alwaj's easy to decide to which categoiy' a 
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given stream should be referred. Should not the Missouri, for 
instance, be regarded as the upper Mississippi rather than the 
river which is so named? In estimating the length of river sys¬ 
tems, the combined Mississippi-Missouri length is always the one 
taken for the great North American system. A second classifica¬ 
tion is that into marine and continental, rivers that enter the sea 
and those that do not. The great majority of rivers belong to the 
marine class, but some veiy^ large streams are continental, such as 
the Volga, which ends in the Caspian Sea. Usually, the continen¬ 
tal rivers are smaU and found only in arid regions, since, for the 
mo«t part, thev flow into saline lakes. This mode of division gives 
such verj^ unequal classes as to be of httle practical value. 

A third distinction has reference to the “grain of the country 
and is between longitudinal and transverse rivers. Longitudinal 
rivers are those which flow in courses paraUel to the great Imes of 
structure, such as folding and faulting, and are exempted by the 
Danube the Po, the Shenandoah, the Holston, and other streams 
of the southern Appalachians. Longitudinal rivers may flow for 

loner distances in the same beds of rock, because they follow the 
lines ot outcrop, along tchich the strata come to the surfa.*,^ 

verse rivers cut across “the grain of the country-,' tra^tmg the 
lines of structure and flowing directly away from the prmc.^ 
wwter sheds Thev also flow across the outcioppmg strata, so that 
The kind of rock in the channel is continuaUy changing its t^c- 

er Rivers that run over and through horizontal strata are 
^ . __ frvv. Q miintrv has no 


^hese and other schemes of classification that might be men 
tinned have the drawback of dealing only with the present order of 

S sirt-"hc m^ode of dev^pmen. of ^ 

knowledge concerning the history ot 

Such a land would have no streams and would be dramea y 
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face rain wash, according to the slope or slopes whicP it maj ^ 

incline toward the eea. The elopes would not be perfec ' 
plane, nor would the rocks composing the new land be complete 
Lmogeneous. There must have been shght depressions, m which 
the rain-water would gather in httle rills, and these would cut 
trenche- as thev actually do on am* land surface not protected ^ 
vegetation. Such Uttle gullies would be numerous and. as can ^ 
experimentally shown, would form a ramifjdng sx-stem; some of the 
trenches would be more favorably situated than others, would carry 
more water, and. therefore, would be more rapidly deepened 
widened after hea\T rains and converted into ra^unes. At far^, 
the raiines would carr>' only storm water and would be drj- m the 


inten-als between rains. . 

While ranufj-ing, or paraUel, sj^stems of dr>- courses were bemg 

established, the ground water would form from the rain, displacmg 
the sea water which originally saturated the rocks of the new land. 
Those ra\ines which were most rapidly deepened would be the first 
to cut down to the water table, and springs would be developed 
along the ra%-ines and these would convert the rain trench into a 
real stream. As the water table rises and sinks with the ^asons 
of hea^T and fight rainfaU, the new streams would be periodical, 
until the channel was cut down to a level at which the springs do 
not go div', and then the periodical streams would be made perma¬ 
nent. This scheme assumes a plu^dal climate and the modifications 
due to climatic differences need not be taken into account. 

If the new land were not a simple slope, but a folded area of 
undulating, upward- and downward-bending strata, the valleys 
formed by the downward-bent rocks would be longitudinal and 
would be separated from one another by the ridges of up-arched 
beds. The ridges would not be continuous, but offset, leaving gaps 
between their ends, through which streams may pass from one 
valley to another, even before the ridges are cut through by en¬ 
croaching streams. Both of these methods of communication from 
vaUev to vaUev mav be obseiwed in the Jura ^Mountains of north- 
crn Switzerland, Thus, in a land newly elevated from the sea, or 
newly folded, the streams are determined by the new slopes, are 
consequent upon those slopes, and are therefore called consequent 


streams. 


Southern Florida very nearly exemplifies the hjqwthetical new 
land, recently upheaved above the sea, though that upheaval 
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did not take place in historic times. Its streams have aU the char¬ 
acteristics of extreme youth, draining their territory- verv' imper¬ 
fectly; the depressions of the surface are filled vith water and 
become lakes, the great numbers of which in Florida are in extraor¬ 
dinary contrast to the 
other Southern States, 
which have almost no 
lakes at aU. The tribu¬ 
taries of a young river 
are few, much fewer 
than at a later stage, 
and the di\'ides be¬ 
tween them are low 
and obscure. 

The Red River of 
the North is a verj* 
youthful stream, flow¬ 
ing a cross an extremely 
flat plain, the floor of 
an abandoned lake. 
On this plain the di¬ 
vides between the 
streams are so broad 
and flat that, after 
hea^T rains, the water 
lies in great, shallow 
pools, as there is no 
reason for it to flow 
in one direction rather 
than another, for there 
is almost no slope. 
In northern Minnesota 

f-j,. i-ii) _ Youthful stream and gorge, Ciwk are the water-sheds 
Inl.-'.’su.’ima, .Maska. (Phot-graph by Capps, three ver> 

1 . S (i. rliffprpriT sVSt6rQS 0 




Inl.-. Su.-^iTua. Alaska. iPhomgraph in' between three ver> 

I > different systems o 

dramagc, the Mtssis-ippu the St. Lawrence and Hu^on Ba^' 
the region is so flat that the streams are sluggish and the ^ 

-cucelv noticeable. Although Minnesota and adj^J 

n- ore ceologicallv verv ancient lands, yet their pre.. 
"rgn.phv i' n«v, hauns lx-™ moUW by .he relatively recen 
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Fig. 121. 


Yellowstone Canon and Lower Falls, from an altitude ot 
(Courtosv of the Chief of Air (.orps, I . S. Arin>) 


10 ,()()() 


Waterfalls in the main or trunk stream are characteristic of (hi' 
youthful stage of river development and are caused by the crossing 
of the channel by hard ledges, the intersection of llie stream’s 
course by fault-scarps, lava flows, or similar obstacles. \Mien 
Niagara Falls were first established, they poured over the grc'at- 
escarpment seven miles below the present site of the cataract, to 
which the gorge has been cut back. The Falls of Montmorency, 
near Quebec, are a peculiar case, for the scarp of hard, pie-Cambiian 
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rock, over which the stream pours, was buried and has been exca¬ 
vated and revealed by the stream itself. However caused, the rock 
barrier that makes the fall is, in tUe geological sense, rapidly cut 
through and the falls disappear, but near the headwaters of the 
main stream and its branches they may persist almost indefinitely. 

qI the country", which rejuNenates the streams bj 

increasing their slope, will usually bring back the cataracts bj re¬ 
establishing the same conditions. This is frequently, but by no 



Fig. 122. — Falls of Montmorency, near Quebec. 


means ulwavs. the explanation of the occurrence of rapids an 
cascades in old rivers, such as the Delaware and the Potomac. 

\s the river svstem matures, the channels are cut down and t 
larg;r streams mpidly reach base level, when verUcal cutting mm 
cease though lateral widening may continue. The depth of t 
gorges and canons is determined by the altitude of the re^on^ 
ia level Bv the aid of atmospheric cobperation, the narroi 

river-made gorges are widened into valleys, wWch in ^he ^ 
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into pennanent streams, new tributaries are established, which 
are cSed subsequent, because such is 

Erections to the course of the consequent streams and are caUe 
obsequent. A good map of the mature drainage m ^ 
plu%ial climate shows the really remarkable way m which the 
streams multiply and ramify to everj^ part of the basin. Few 
lakes, or none at all, remain in regions of mature nver systems; 
south of the glaciated area in the United States the paucity of 
lakes is remarkable, with the exception of Florida, a relatively new 


The adjustment of streams to rock structure consists m the tak¬ 
ing advantage by the rivers of ever>' line of weakness m the rocfe 
which facilitates the cutting of the valleys. The weakness may be 
in lines of soft rocks, of faulting, folding, jointing, any or Mot 
these and channels are shifted to conform with these lines. When 
the streams have reached base level, which they do quite rapidly 
and often before the youthful stage of development has been 
passed through, the valleys are widened and the streanas carry 
away the material washed in by rain and thus the divides are 
lowered, so that it may no longer be obvious why a stream flows in 

a given direction. 

In a mature system of drainage the valley surfaces ha^e been 
so enlarged that the rate at which the land is eroded is accelerated 
and a greater load of sediment is brought into the trunk stream, and 
the load is sometimes so great that the lower part of the river is no 
longer able to carry it all and spreads the excess over the flood 
plain. The channel of an overloaded stream is raised by its own 
deposits so as to deflect the tributaries to a course parallel with the 
main river, from which they may be cut off, so as to enter the sea 
independently. In northwestern Nebraska the Platte River is 
hea^’ily overloaded and has built up its banks, while its tributary, 
the Loup Fork, is diverted to a parallel course, which it follows 
for many miles before entering the Platte. 

The old age of a river sj'stem is reached when all the streams are 
at base level and the area drained by the system has been reduced 
to a low, featureless plain. The sluggish streams meander in 
sinuous channels through their own deposits. Meandering is not 
confined to sluggish streams; any stream flowing in soft materials 
and in a valley of little slope will meander, as does the lower Mis- 
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sissippi despite its strong current. When its basin has thus been 
smoothed dowm, a river does but httle more work, though it will 
continue to carry fine sediment to the sea. There is much evidence 
to show that land areas may lie just above sea-level for long ages, 
undergoing hardly any change, until a new cycle is inaugurated 
by the elevation of the region. 

Cycles are seldom complete, as they are almost always inter¬ 
rupted before the theoretical condition of old age is reached. An 
elevation of the region may simply rejuvenate the streams by in¬ 
creasing their velocity. On the other hand, the upheaval may be 
accompanied by warping, folding, or faulting of the rocks, and if 
so, the drainage of the region may be completely revolutionized. 
W'hether this revolution takes place or not depends largely upon 
the rate at which the diastrophic movement is carried out. If 
it is done rapidly, the river system will surely be changed more or 
less radically; but if very slowly, the streams may be able to cut 
down through the rocks as fast as these are raised and thus main¬ 
tain the old courses. 

The reelevation of a region begins a new cycle, whether the pre¬ 
ceding one was or was not complete. Depression, on the con¬ 
trary, ends an old cycle without beginning a new one, for it dimin¬ 
ishes or puts a stop to the cutting power of the streams whose lower 
reaches are “drowned,” that is, invaded by the sea and converted 


into bays and estuaries. 

Again, the cycle of certain rivers may be prematurely ended by 
increasing aridity of climate. The outlet to the sea may be cut 
off, establishing a new base level, which may either be above the 
sea, as in the Great Basin, or below it, as in the case of the Vo p 
and the Jordan. The vast floods of lava which overwhelmed the 
northwestern United States entirely obliterated the old nver sys¬ 
tems, requiring the estabUshment of new ones, as did also, for t e 
minor streams, the drift sheet left behind by the retreating ice of 
the Glacial Epoch. Some of the large streams, like the Connecti¬ 
cut and the Hudson, were entirely occupied by the ice; others, such 

as the Delaware and the Susquehanna, had 
free and, no doubt, had streams flowing in them durmg the Glacial 
Epoch. VTien the ice melted, the larger vaUeys remained o^n and 
wL reoccupied by streams; all the small vaUeys were obliterated 

Antecedent rivers are those which maintain 
a diastrophic movement of upheaval, warpmg, or folding. LUey 
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are antecedent to the movement, and thua f 

nuent in one cycle may be antecedent m the next, it may, now 
ever be diverted to an entirely new course and be consequent on a 
new’slope. The simplest case of antecedent drainage is where he 
region is elevated without deformation and without changing 
direction of the slopes. In such a case the streams keep their old 
cZoels and merely deepen them further. It a meandenng 

stream be reelevated by a ---j H 

sufficiently slow movement, [Ijm I I 

so that the velocity of the . 1 1 

current be not suddenly and 
greatly increased, it retains 

its meandering course while I 

cutting into the underlying 1 

hard rock. In such a case 1 

the meanders are said to be 
“intrenched” and a winding 
gorge with high, steep, rocky T 

walls is the result. Intrenched | 1 •••iV-’f f ^ 

meanders are an indication | I | ^ 1 

of a reelevated region and j | j | I 

an antecedent stream. The I J 1 I I 

valley of the lower Moselle, I / I I _I 

below Trier, is a deep me- I — - -■ , ’ 

andering gorge. d 

In many parts of the world ^ Moraines of 

are numerous nvers which epoch earlier epoch 

seem to have taken the most . * . * 

, . Fig. 123. —Antecedent stream, not de- 

impossible courses, that is, fleeted by two Unes of fault. (Atwood) 

assuming that rivers have 

made their own valleys and did not merely take possession of 
channels made by other agencies. That some rivers are flowing 
in valleys which they did not excavate is undoubtedly true, 
but in the great majority of instances the streams have exca¬ 
vated their own courses. These paradoxical rivers are usually 
believed to be antecedent, but, in some cases at least, there may be 
a different explanation. One such instance is the Columbia, which 
is deflected by the great volcanic plateau of that region; it flows 
southward for some distance and then flows directly at the Cascade 
Mountains, through which it has cut a great canon. The explana- 
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Moraines of 
la+cr epoch 


Moraines of 
earlier epoch 


Fig. 123. — Antecedent stream, not de¬ 
flected by two lines of fault. (Atwood) 
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ion i? that the river wa? flowing westward to the Pacific when 
he Cascade Mountains, a range of very late geological date, began 
o rise across its path and rose so slowly that the river could cut 
lownward at least as fast and so keep its channel open. 



Fio. rJ4. 


- Ir.T-:,. h-l rn. of Sil' Riv<.r. Anz. iCounesy of the Chief 

Air C«‘ri'S. L, S. Army) 


An ovon mnro roinnrkal.h- oa- i< that -i 'ho Green and Yampa 
nver-^. w'niGi Tr.-neh 'lie Tinra MnunTadn' of northern I ta ^ 
The G.re.'n ITv-t. ihevine -^oii'hward. meet' the lofty range o 
whieh The sre.Nvv cr.— w.mld seem m offer an insurmountable 
,,b''ael.a but rhe s'n-aiu ha- cut a great canon, Flaming Gorge, 
rhnemh whmh it llow- t,, rh- axi- of the range, then turns east¬ 
ward alomz -hat axi- to it' junction with the Yampa. then turn. 
...Mtl-.-.v.r.i -n-:,in tlirouch tlic ffank of the mountains, emerging on 
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-tTi ..V 

!Zntr. Weted to be antecedent streanne. older than J^he monn- 
teins and maintaining their original courses as the range «as slo» h 

upheaved across their path. hut verv 

Such behavior on the part of rivers ,s not 
common and is exemplified by the large nvers that cut throug 

the Appalachian ranges in their southerly or ^ . 

river eorges through the mountains; the Lehigh Gap, the bu. que 
hanna and Potomac gaps are all of the same “ature^ e^ri' e^ 
began as consequent streams on a gently sloping plain, formed as 
Professor Johnson believes, by the deposits of the Lpper Cro - 
ceous sea, which transgressed over the worn-dowTi stump^ 

Tc^nt Appalachians. On this assumption, these rivers a^ su,.r- 
posed (See below.) T\Tien they had intrenched them.sehe.>., the 
mountain region was warped upward, the streams cutting down 
at the same rate. Longitudinal valleys were opened along the 
strata of soft rock, the hard ones forming the ndges, v,hich are thu> 
not ridges of folding but of erosion. Above and below the gap^, 
which are cut in hard rock, the vaUeys are widely open and gentlj 
sloping because of the softer rocks which underly them. 

The Indus cuts the Himalayas in stupendous gorges, and t e 
southern Andes are trenched by rivers which rise in the Ea.-^t^ern 
Pampas and go through the CordiUera in canons, some of which 
are of greater dim ensions than the Grand Canon of the Colorado. 
In attempting to explain these remarkable instances of river action, 
it must be remembered that rivers never flowed uphill, as it some¬ 
times seems necessaiy to believe that they did. WTien the ri^ers 
began their flow and caiw'ed out their valleys, the topography was 
different from what it is now, and the course which they then took 
was the one that each was compelled to take by the then existing 
slopes. It is the modem topography that seems to require the 


uphill flow. 

The fifth category in this genetic scheme of classification is the 
superimposed. An old topography may be completely buried by 
one or another of the various methods of rock accumulation. The 
great Columbia River lava plateau of the Northwest was built up 
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by floods of basaltic lava which, for 250,000 square miles, buried 
the old topography out of sight, filling the valleys and submerging 
the hills and forming a raised flat surface. A new system of drain¬ 
age was established on the plateau, which had no reference to the 
old topography or its underljdng rock structure. Then there is 
the immense sheet of drift, so often referred to, which covers the 
northeastern states and the adjoining Canadian provinces and was 
left behind by the retreating ice of the Glacial Epoch. Innu¬ 
merable borings have encountered these buried valleys and made 
it possible to map the pre-Glacial drainage. All over this region, 
the smaller streams flowed northward to the St. Lawrence, for the 
Great Lakes were not then in existence. 

The surface of the drift had a southward slope and the new 
system of streams necessarily took that direction and thus were 
consequent in character. The new streams rapidly cut through 
the incoherent drift and began to excavate channels in the under¬ 
hung hard rocks,'with reference to which they are superimposed. 
The older rocks form an irregular surface beneath the mantle of 
drift, and the newer streams, except when they happened to coin¬ 
cide, more or less partially, with a buried, pre-Glacial valley, first 
encountered the more prominent ledges below the drift. These 
projecting ledges caused rapids and cascades which there has not 


yet been time to remove. 

A very remarkable case of superimposed rivers is afforded by the 
Gunnison and its tributary', the Uncompahgre, in western Colorado. 
The two streams began their course upon a westwardly sloping pla¬ 
teau, which was built up chiefly of a very thick mass of an easily re¬ 
moved volcanic ash. The course taken by the Gunnison happened 
to bring it over the site of a buried granite mountain, and when 
the channel had been cut dovm to the granite, it was so deeply 
intrenched that it could not change its course and was compelled 
to cut into the hard rock, until it had cut a canon 2,000 fe^ deep in 
the granite. The Uncompahgre flows paraUel with the Gunimon 
for a considerable distance before uniting with it. As chance laid 
the course of the Gunnison over the buried mountain, it laid that 
of the Uncompahgre over a buried vaUey, but it could not excavate 
below its main stream, which forms its base level. Since the exca¬ 
vation of the canon, the mountain has been exposed by erosion ^d 
were not the history of the region well known, the course of the 

rivpr would be utterly inexplicable. 
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Tbe five classes of streams enumerated, the ^ 

JX subsecueot. ol^cuent, and 

exclusive for the same stream may ^^uthout change o , 

dSerent 'stages of its histor,-. be referable 

“o dM^rent dasis, a strange fact which is true ^" 

indenendent, but have united ^nth one another in.the Proce-^ o 
adiustment which, if sufficient time is aUowed, becomes surprising y 

Srout th^hne of weakness and take the path of least resistanc^ 
Through the recession of spring-heads (see p. 24o), working ui> 
stream rivers tend continuaUy to lengthen their courses, and th^ 
lengthening of streams, together with the 

pass each other without meeting, but opening a pass through the 
ridge This has the remarkable result of a continuous Nal e\ \ 
two opposite-flowing streams and is not at all a rare phenomenon ; 
it is produced in different ways. In the central vaUey of Montana, 
between the Big Belt and Little Belt Mountains, the Shields Ri%er 
flows south and Smith River flows north, with hardly a perceptible 
divide between them, but this is a longitudinal valley of folding an 


no ridge was cut through. u + 

The lengthening of streams and their branches and the resultant 

shifting of divides often have brought about the curious process 
known as “stream capture,” or “piracy,” by means of which 
streams, or, much more commonly, parts of them, are diverted to 
more favorably situated streams and thus made part of the more 
successful system. Many anomalies in the courses of streams are 
thus to be explained. The more favorable situation of a stream 
may be brought about in various ways, according to the topog¬ 
raphy and rock-structure of the region involved. The more 
advantageous condition may be in a shorter course and greater 
fall, with more rapid current. There is another circumstance 
which may give the advantage to a stream that would seem to be 
less favorably situated. Of two more or less parallel streams, flow¬ 
ing at different levels, the lower one would give greater fall to its 
tributaries, though the stream itself has less fall and slow’er cur- 
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rent. The tributaries of this lower level stream will work upward, 
lengthening their courses, and one of them will eventually work its 
way through the di\ide and tap the parallel main stream, which 
will lose all its water above the point of junction. This is because 
the tapping tributary empties into a main trunk at a lower level. 

If two streams rise on opposite sides of a watershed and one of 
them has a much steeper course than the other, it will work upward 
faster and ultimately capture the headwaters of the opposite side. 
Certain streams in the Catskill Moimtains exemplify this process. 



Fig. 125. — Two stages in the development of the Shenandoah River and 

beheading of Beaverdam Creek. illis) 


These mountains (really a plateau) have a gentle western dope 
and, on the $ast side, a steep escarpment facing the Hudson River. 
A westward stream, such as Schoharie Creek, flows down the gentle 
slope with moderate velocity, while such streams as the Plasters 
Kill and Kaaters Kill, on the eastern side, flow down the escarp¬ 
ment much more rapidly, have lengthened their courses upstre^ 
and captured and diverted several tributaries of the Schohane. 
These captured tributaries have a very curious course; they begin 
by flowing toward the Schoharie, just as they originaUy did, but 
each one makes a sharp turn, reversing its direction, and joiM the 
capturing stream. So characteristic is this sharp bend, that it is 

called the “elbow of capture.” 
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thP transverse rivers which cut through the Appala- 

One ot tne^ wa> f Potomac was beginning 

cut its gap through the Blue Ridge, where now is Harper s 
Ferr^! fmuch smaller stream. Beaverdam Creek was cutting^a 

similar gorge, Snickers Gap, through the same ridge a ^ 

o the south The Shenandoah was then a youthful and short 
tributary of the Potomac, which it entered from the .south, flowing 
along t^e longitudinal valley which was beginning to he carved 

out of the soft rocks to the west of the Blue Ridge. As the Poto- 
mac waa much larger thair the parallel Beaverdam ‘ ' 

fts tributary, the Shenandoah. The latter extended its length 

up the valley, until it tapped Beaverdam Creek 
upper course, diverting its waters to the Potomac, thus behead¬ 
ing” it, as is said of a stream which has lost its upper waters Bea^ - 
erLm Creek no longer flowed through Snickers Gap, which was 
abandoned, becoming a dry “wind gap,” while the creek to^ i s 
rise some distance to the east of the ridge. The great number of 
wind gaps in the Appalachian ridges, which, though cut by streams, 
now have no water in them, is an eloquent proof of the frequency 
of stream-capture among the Appalachian Mountains. 

An important case of capture is afforded by the upper ^^^.se 
and Moselle in France, because it is so well authenticated. Thes<‘ 
rivers approached each other closely in the neighborhood of ioul. 

A branch of the Moselle 
cut through the divide 
and tapped a tributary of 
the Meuse, diverting the 
waters to itself, leaving a 
sharp elbow of capture, 
which is stUl clearly showm. 

“But only a geological 

examination of the river 
deposits can yield a positive proof. This proof has been found in 

this case; rock debris from the Vosges has been found below 
Pagny-sur-Meuse and it could also be established that the diver¬ 
sion took place in the Glacial Epoch.” (Supan.) The meaping of 



Fig. 126. — Capture of a branch of the Meuse 
(Maas) by the Moselle. (Supan) 
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this is that the Meuse, as at present constituted, has no branch 
coming from the Vosges Mountains, while the tributary diverted 
to the ^loseUe rises on the west flank of those mountains. The 
finding of debris on the bank of the Meuse, which can be identi¬ 
fied as ha\'ing been derived from the Vosges, proves that a con¬ 
nection of the Meuse with those mountains once existed which 


does so no longer. 

It may seem surprising that a river may be cut up in fragments 
which, nevertheless, continue to flow, but that is because we are apt 
to think of a stream as a canal which receives all of its water from 
one end. On the contrary, springs and tributaries feed it along its 
course and the number and position of those feeders determine 
how long a segment of a stream may continue to exist. When 
Beaverdam Creek was beheaded by the Shenandoah, for instance, 
it lost all that part of its course which ran above and through 
Snickers Gap, but east of the gap, the creek continued^ to 
flow. \ery short segments may persist as pools, like the “ox¬ 
bow lakes” of the lower Mississippi, which are meanders severed 


by the river’s cutting across their necks. 

All the preceding instances of stream diversion took place in 
prehistoric times and are inferred from the present courses of the 
streams and their tributaries, but several alterations in drainage 
systems, natural or artificial, have occurred within historic times 
and have been credibly recorded. The great Hoang-ho in China 
has frequently shifted its lower course, owing to the raising of the 
river bed by its own deposits and by breaking through its rai^d 
banks ; the river has been subject to disastrous floods. The old¬ 
est recorded place of discharge into the Y>llow Sea is the north¬ 
ern one 39° 4' N. latitude. From the thirteenth century tiU 18ol, 
it was farther south at 34° and in the years 1851-53, it turned 
back to the north and in 1887 broke out again to the south^ 

Some of the French rivers have undergone remarkable 
in late centuries, as is sho-wn by comparing a series of maps and old 
documents. In the Department of the Jura the \alliere at present 
receives four tributaries from the east, the Some, Derobe, 
Sonnette, but in 1658 only the last named 

here, for the Some then joined the Sonnette. In 1748, the ^me 
became a separate tributary' of the main stream and sent out 
Roi as a branch. The Derob4 first appears on the map m 1^ 

, ,1 _ 1_u frnm which it subscQueiitly 
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separated. (Supan.) How slight a change ^ 

manent diversion is shown by an instance in Ohio. Raccoon 
Creek originally flowed westward to Pleasant Run, but, as a resu 
of buUding a mill-dam and race, it turned east to a junction with 
Rush Creek, which has persisted, though the dam was long ago 

destroyed. (Tight.) ^ i ..u 

The Rhine has had an extraordinary^ senes of vicissitudes, ^sult- 

ing in radical changes in course and direction, having, at different 
times, discharged into the Mediterranean, the Black Sea and, 
finaUy, into the North Sea. At a time quite late in geological 
history (middle Phocene), but before the human period in Europe 
the Rhine w'as connected with the Rhone through the Doubs and 
the Saone. At another period the upper Rhine and the Lake of 
Geneva were connected with the Danube, which then, as now, 
emptied into the Black Sea. The opening of the rift valley, by 
trench faulting, between Bingen and Bonn, cleared the way for 
the river to enter the North Sea. The Biberthal in Switzerland was 
once occupied by the Rhine, which flowed directly from Schaff- 
hausen to Waldshut; the latter abandoned channel is now used 

for a railroad. 

This list of changes in drainage systems might be greatly ex¬ 
tended, did space permit, and this section must be closed with the 
mention of great river systems in South America and Africa, in 
w’hich important changes seem to be impending, though not yet 

effected. 

In Africa the tributaries of the Nile and the Congo are veiy^ close 
together, and what may eventually result from this is difficult to 
foresee. “To the north and northeast some of the sw’amps form¬ 
ing the sources of the affluents of the Congo and the Nile are sep¬ 
arated only by low undulations, in some places no more than 
fifteen feet wide. In years of extra hea\’y rainfall, the two river 
systems may thus be connected, especially as here the rise of the 
waters is often surprisingly rapid. As a result there are a large 
number of species of fishes common to both water courses.” 


(Lang.) 

In South America the Cassiquiare, a branch of the Orinoco, is 
connected with the Rio Negro, which flows into the Amazon. The 
great southern tributarj-^ of the Amazon is the Madeira, the head¬ 
waters of which are almost connected with those of the Paraguay, 
and in seasons of exceptionally high water are actually so con- 
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cted. The Paraguay is a branch of the Parana, which, by june- 
)n with the Uruguay, forms the great Rio de la Plata. It is thus 
(ssible to travel by canoe from the mouth of the Orinoco to that 
La Plata, a distance of more than 3,000 miles in a straight line. 
nail diastrophic movements might suffice to bring about great 
langes in these vast South American rivers. 
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CHAPTER XIV 

SNOW AND ICE 

In the circulation of water, it is necessary to have some means of 
preventing the indefinite locking up of moisture, in the form of ice 
and snow, in the polar regions and on high plateaus and mountain 
tops, above the snow-line, or limit of perpetual stww, which is the 
level above which aU atmospheric precipitation takes place as snow. 
The altitude of the snow-line is much affected by local conditions, 
but, broadly speaking, it is determined by latitude. In the tropics 
the line is 15,000 to 16,000 feet above the sea, descending toward 
the poles; within the polar circles it comes down nearly to sea- 
level, but is not knovm actually to reach that level at any point 
in the northern hemisphere. The following table, with some 
omissions, is that given by H. Philipp in meters. 


Alps. 2400-5200 m .Andes of Ecuador . . 4-500-4800 m 

P^neM. 2500-2900 Rocky Mountains . . 3000-4000 

Scandinavia .... 1100-1900 Sierra Nevada . . . 3200-3.500 

Tian Shan .... 3450-4000 (?) Alaska. 700-2200 

Himalayas .... 4800-5000 (?) Francis Joseph Land . 50 


The means of restoring snow and ice to the .system of atmos¬ 
pheric circulation are various. Direct evaporation is important, 
especially in very dry regions, for ice evaporates without melting. 
Avalanches bring down great quantities of snow to levels where it 
melts, and most effective of all are the glaciers, or streams of mov¬ 
ing ice, which descend to levels where melting occurs or into the 
sea, which breaks off fragments and, as icebergs, transports them 
to lower latitudes, where they are disposed of by melting. 

Avalanches are great masses of snow which descend from moun¬ 
tain tops with very high velocity and produce such extraordinary 
air pressure that the wind is of dreadful destructiveness. As 
avalanches follow the same paths, their tracks of devastation are 
plainly visible as naked scars on mountain sides. Winter ava¬ 
lanches of dry and powdery snow do comparatively little damage, 
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hough thpy mav gcnorato Terrific win<ls, hut in thawing weather, 
vvhen the snow is heavy with water, great masses of earth and 
rock are brought down by the avalanche, which sweeps everything 
Ix'fore it. Though acting only sporadically in time and space 
avalanches are efficient agents in the tran>fer of rock and earth 
from higher to lower levels. On a small scale, snow-slides remove 
soil, naked and unprotected by vegetation, from steep slopes. In 
the White River Itad lands see p. 216 , and no doubt in other are.i> 
also, sliding snow strips oft' the soil from the steep-sided buttes 
and exposes fresh stirfaces of rock to the action of the rain. 



Fig. 127. 


Fields of snow .and neve on Monte Rosa. fCourtesj of the 

.^wi.ss Federal Railways i 


GlncUr^ are masses of ice which flow under the action of 

»n cxoeeclin.ly vi.co.. Ilmcl. Ghdyrs to 

scientificallv studied in French Switzerland and the tenii^ ^ 
invented' have been adopted by Engl-h-i^aking geologist^ 

.S our terms of vulcanism are mostly Italian The meebamm 
gl 1 flow is a much disputed physical problem that ^ 

111'::::;!t “i 

„f rock dcr.rucrioo arrd rocoocrumon arc rcb.rceh 
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^au. On the other hand, from the point of 7 * 
geoloKV the careful study of existing glaciers and characU r 

Lie mode of action is of the utmost importance By learn ng 
identify their former traces, it has become possible to s a e la 
he pit S^ory of the earth there have been rej^ated c.p<Khs or 

periods when glaciation took place on a vast scale, w i< n k ic< 
Z\ds measured millions of square miles over regions when, to¬ 
day there is nothing of the kind to be found. , . , i ua. 

Naturally, the latest of these “ice-ages” is that which hi.s left 

the ctarest and most extensive evidence of 

era in th7pfrmian and Carboniferous periods, there was a va.st 
development of glacial fields in the southern hemisphere in Au^ 

tralia. South Africa, and South America, and, on a much small 
scale in the northern hemisphere, in India an<l Nor h Arnenca. 
Devonian (?) glaciation has been shown only in Sout h Africa, Cam¬ 
brian in China and Australia, and pre-Cambnan in Canada, Sou 
Africa, and, perhaps, in China. These geographical limitations 
are, assuredly, far too narrow, for the destructive proce.sses of 
erosion must have removed all evidence of ice-act ion from great 
areas, where it formerly existed. The wonder is that so much 

should have been preseia'ed. 

The present is a time of glacial retreat; in Alaska and Switzer¬ 
land and Greenland, the glaciers have retreated in the last cen¬ 
tury and there is evidence of a progressive desiccation in regions 
so widely separated as California and Central A.sia within the 
historic period. These facts all show the necessity of learning 
everything that can be discovered concerning existing glaciers 
and the amount and manner of their work as dynamical agents. 

We have first to learn the method of glacier formation and the 
factors which determine the presence or absence of glaciers in any 
given region. Glaciers are composed of ice which has been made 
from snow, and the first problem, therefore, is to determine how 
snow is compacted into ice. Both are composed of the exquisite 
hexagonal crystals with which every one is familiar, but in ice they 
are in physical contact, which produces a colorless transparent 
body, while in snow they are intimately mixed with air. The 
intimate mixture of a gas with a transparent solid or liquid causes 
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whiteness and opacity. Powdered glass, or salt, or any other 
transparent material is opaque and white, though, under the 
microscope, each particle is seen to be without color and trans¬ 
parent. To convert snow into ice, therefore, it is necessary merely 
to expel the air and bring the crystals into contact; to effect which 
change pressure alone is insufficient. Above the snow-line, on a 
mountain top, the snow falls in a drj", powdery condition and at a 
temperature considerably below the freezing point. The summer 
sun melts some of the surface snow and the water so formed trickles 
down into the cold snow beneath, expeUing the air or causing it to 
form bubbles. Then the water refreezes, producing a material for 
which there is no English word and the French term neve is there¬ 
fore used (in German Firn). Neve is intermediate between snow 
and ice and is composed of small spherules of clear ice, but the 
abundant bubbles of air make the mass opaque. Increasing pres¬ 
sure of continually added snowfall expels a large part of the air 
and converts the neve into hard ice, though much glacier ice 
remains white and opaque from the air-bubbles retained in it. 
The glacier is composed of ice which grades upward impercepti¬ 
bly into neve and begins its flow down its bed or channel. 

The structure of glacial ice is characteristically different from 
that of pond-ice. The latter is made up of parallel crj'stals with 
their optical axes perpendicular to the surface of the water. Gla¬ 
cial ice consists of crystaUine grains, which increase in size toward 
the lower end of the glacier and with the optical axes irregularly 
arranged. The banded structure of a glacier, which has caused 
so much discussion, especially the blue bands of clear ice, was for¬ 
merly beheved to be due to successive snowfalls on the n^vS, but is 
now referred to the shearing planes, along which the ice parts and 
which run obliquely upward and forward from the bottom. “Ute 
investigations by Hamberg and Philipp bring the banding mto 
immediate relation with the processes of motion in the glacier. 
Accordingly, the blue bands would be the refrozen sheanng fis¬ 
sures” (Philipp) along which water gathers. 

The temperature mthin a glacier would seem to foUow different 
laws in temperate and in polar lands. Measurements made in 
Alpine glaciers show that, at every depth, the temperature <»r- 
responds to the melting point of the ice for the pressure at tha 
depth, and onlv at the surface is the glacier subject to season^ 
changes. Pressure lowers the melting point of ice and changes of 
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retezing without any change of tempeiatuie. 
made in the inland ice of Greenland at an M 

temZratuie curve would indicate that the melting pomt woiM 
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meni.” The line of swiftest motion is in the middle of the glacier s 
surface only when the ice pursues a straight course ; when flownng 
around a curve, the convex side moves faster than the concave, 
which is also true of a river. Wlien the channel is narrowed the 
ice moves more rapidly through the narrows and more slowly above 

and below them ; water acts in the same manner. 

Under pressure, ice acts Uke a plastic substance, but when sut> 
jected to tension, it is usually very brittle. Not always, for a slab 
of ice, supported only at the ends, will bend under its own weight, 
stretching the convex lower side. WTien the rocky bed of a glacier 
changes its slope from a less to a more steepened grade, a salient 
angle is formed and the ice in flowing over that is subjected to ten¬ 
sion which causes it to crack across its width, thus forming a trans¬ 
verse crevasse, which rapidly widens to a yawning chasm. Below 
the line of rupture the crevasse is healed, the walls coming to¬ 
gether and freezing solid. Ice has a remarkable property of rege¬ 
lation, by virtue of which two surfaces of ice, when brought into 
contact, will freeze together, whatever the temperature of the 
surrounding medium. Two pieces of ice, floating in hot water, 
will unite when they touch. ^lany of the curious phenomena 
displayed by glaciers are due to regelation. A crevasse appears 
to be stationarj', because, Uke an eddy in a stream, it is continually 

reformed along the same line. 

A second set of crevasses are the marginal ones, which form on 
the sides of the glacier; they are due to the more swiftly mo\dng 
middle pulling away from the retarded sides. The ice jnelds and 
cracks at right angles to the line of stress and thus the marginal 
crevasses point upstream at angles of about 45°. WTien a trans¬ 
verse crevasse is connected with a marginal one at each end, as 
usually happens, a curved crack, with concavity facing down¬ 
stream. is the result, and these misled Agassiz into belie\ing that 
the sides of the glacier moved faster than the middle, which it has 
a. very deceptive appearance of doing. Crevasses, as will be seen 
later, play a ver^” important part in the economy of the glacier as 
an agent of erosion and, especially, of transportation. 

While necessarily haxing its source of snow supply above the 
snow-line, a glacier may descend many thousands of feet below that 
line Alpine glaciers descend to 2,000 feet above sea-level, and in 
New Zealand the glaciers end in subtropical forests of tree ferns. 
The rate of glacier motion in the Alps is from two to fifty inches a 
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Fig. 129 


Corner Glacier and Brenhom (Courtesy of the Srriss Feder^ 

Railways) 
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the glaciers to retreat and a succession of cool, moist years makes 
thei? advance. In temperate latitudes the end of the glacier 

an ice arch, or cave, from which issues a stream of water. 

The surface of a glacier begins to melt as soon as it descends 

below the snow line and the bottom melts also from the warmt 
of the earth. The thickness of the ice thus dimimshes downward 
to the end and material which has been carried along within the 
ice gravel, and sand that have been washed into the crevasses 
and accumulated there, are all brought to the surface in a prowss 
which is called the “self-cleansing" of the glacier. On the s ag- 
nant border of the great Malaspina Glacier, at the foot of the St. 
Elias Alps, in southeastern .\laska, the ice is quite buned from 
sight by the debris which has covered the surface and a consider¬ 
able growth of vegetation has taken root upon it. , . 

As it is necessary' to give names to the various tj^es of bodies 

of water that are found upon the earth, it is equally 
do likewise for the bodies of ice. As Professor W. H. Hobbs has 
shown, there are two strongly contrasted tjTses of glacial bodies 
of moving ice upon land surfaces. Frozen sea-water, the pack- 
ice of polar seas, is here left out of account altogether. The terms 
used in the claskfication of glaciers are, as is so lamentably often 
the case, differently employed by different writers. Hobbs names 
the two classes (1) mountain glaciers and (2) inland ice, with 
(3) ice-caps intermediate in character between the two. 

Mountain Glaciers (also called vaUey, or alpine glaciers) are the 
analogues of rivers, sometimes of lakes, and rocks project above 
their highest levels, frequently also above the ice-surface, for their 
whole length. Glaciers of this class head in cirques, or rocky 
amphitheaters, which serve as gathering ground for great masses of 
snow. There are some exceptions to this rule, as in the case of 
hanging glaciers, which do not always flow out of a cirque, and 
in a few instances, the crater of a volcano with one wall broken 
down serves as a cirque. Professor Hobbs recognizes fourteen 
divisions and subdivisions of mountain glaciers, but most of them 
it will not be necessary to consider for the purposes of this book. 

Nivation. The origin and development of the cirque long re¬ 
mained unexplained untfl a solution of the problem was suggested 
by Messrs. F. E. Malthes and the late W. D. Johnson, of the U. S. 
Geological Survey. The inception of a cirque is by a process which 
Mr Malthes has called nivation, which means that snowbanks 
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on high mountains without motion deepen any slight depression 
in which they he and cut back into the mountain slope by excessive 
frost action in summer. The margins of such a snow bank are 
melted by the sun and saturate the rock around them with water; 
at night this water freezes and shatters the rock eventually into 
small particles which are carried down by the snow water. In 
this manner, a depression is enlarged until an incipient cirque is 
formed, and if the snow supply is sufficient, a smaU glacier will 
be the result. Once established, the cirque recedes and enlarges 


by a process of sapping 








Fig. 130. 


Glacier in cirque, Coast Range, south^t .41aska 

bv Buddington, I. b. u. o.) 


(Photograph 


Between the stationavy and the moeang l^rt ot the snow m the 

a German word meaning the mountain gap or O" 

owemdX.he Bejhrund for 150 feet and found 

shelf oT which the snow rested. Melting was in process m the 
cmvasse, and the floor of the glacier, elsewhere 

a^ m^ht, were in active disintegration, which ‘ended s ea^ to 
1 !! bP riroue. In winter this action ceases and the Berg- 

Ichmnd fills .sith snow, to reopen in the follov.ing summer. 
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Piedmont Glaciers. While most of the many subdivisions ot 
mountain glaciers that have been adopted by investigators need 
not be considered, something should be said of the piedmont^, 
because of its importance in Pleistocene times. These ice-bodies 
are the analogues of lakes and are formed, as the name indicates, 
on a plain at the foot of a mountain range, by the coalescence of 
several descending streams of ice. At the present time such ice- 
lakes are rare and are found only in Chile and Alaska. In t e 
latter region the great Malaspina Glacier and its two neighbor, 
the Bering on the west, and the Alsek, a much smaller one, on the 
east are famous and weU-studied examples of the piedmont glacier. 
TheVlalaspina, in particular, is tjiiical. In the Pleistocene ice age, 
piedmont glaciers were very much more numerous and important; 
their determinable traces are stUl to be seen at the foot of the 


Rockies, the Alps, and other ranges. 

Erosion hy Mountain Glaciers. This is one of the geological 

problems concerning which there is much debate, some observers 
contending that a glacier protects the underlying rock from erosion 
and others considering glaciers extremely efficient agents of denu¬ 
dation. The latter is the \iew here adopted and, whichever opin¬ 
ion may turn out to be true, there are certain characteristic fea¬ 
tures found in aU glaciated regions, and not elsewhere, however 


these may have been brought about. 

1. Erosion of the Upland. In high mountains that support 

active glaciers, there are two areas to be considered, in which the 
work of erosion is entirely different. In the mountains above the 
level of the neve, the agents of destruction are frost and snow and 
the result is an extreme ruggedness of topography. Cirques are 
established around each mountain mass and cut back until they 
are separated only by narrow crests and spines of rock, while all 
exposed rock surfaces are riven and torn by the action of frost. 
In certain of the western mountains, where even in the ice age of 
the Pleistocene the snowfall was relatively limited, such as the 
Bighorn and Uinta ranges, the steps in the development of the 
“high level topography” (Hobbs) may be readily followed and 
then compared with such ranges as the Sierra Nevada, in which 


glacial maturity is reached. 

Concerning the Sierra, Johnson says: “The summit upland — 
the preglacial upland beyond a doubt — was recognizable only in 
patches, long and narrow and irregular in plan, detached and vari- 
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Fi,,. 132.-Ben Nevns. Scotland, showi.tg ".st bet ween 

valley bottom and rugged cliffs above. (Geol. hurv. Grt. Brit.) 

accumulations of snow as must form glaciers. The pxtrffme rug¬ 
gedness of the Alps is due to such intense glacial activity that no 

remnants of the summit upland remain. 

2 Erosion below the Neve Fields. This is the series of processes 

and results which is ordinarily understood by the term of glaaal 

erosion As in the destructive work of a river, the most important 

factor is the velocity of the current, in a glacier it is the thickness of 

the ice, which constantly diminishes toward the lower end. 1 he 

glacier may thus erode actively in one part of its course and not at 

all in another, as a river does. It is not surprising, therefore, that 

the foot of an advancing glacier, where the ice is thinnest, has 
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been seen to override loose gravel without moving it. Exc^Pl in 
very high latitudes, cliffs and peaks rise above the level of the ic 

way rie bottom through the crevasses. The ice, too picks up 
joint-blocks from the bed-rock, a process called plucking, and 
carries them along. The smaller and more separate the joint- 
blocks, the more rapidly and effectively is the plucking ptTformed, 
and it is much facilitated by the melting and refreezing uhich con- 

tinuallv go on, due to differences of pre.ssure. 



Fig. 134.— Glacial stria; on limestone, overlaid by drift, Pillar Point, Lake 

Ontario. (L. S. G. S.) 


In these various ways great quantities of debris are frozen in ihe 
bottom of the ice and wear down the bed by abrasion. Abrasion 
produces the extremely characteristic rounding, smoothing, and 
polishing of the rocks over which the ice has flowed, and the rock 
fragments, held firmly by the immense weight of the ice, are 
pushed over the bed-rock and cut grooves in that rock correspond¬ 
ing to the size of the cutting fragments, from the finest, hair-like 
scratches to furrows a yard or more in depth. These .'-■Put, of 
course, take the direction of the ice movement and are parallel for 
nnncilriprn ble flistnncp.s. as the teeth of a harrow make parallel fur- 
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rows. Hummocks of rock over which the ice has moved are 
smoothed and rounded into the shape called “rochcs moutonn^s’' 
with the upstream, or stoss side, gently sloping and polished, the 
do^smstream, or lee side, abrupt and often rough, as the ice exerts 



Fig. 135, - Ice pavement parsing beneath Dwyka TilUte, Pennian of South 

Africa. (Gift of Prof. R. B. \o\xng) 

no back pressure on that side. When flotshng dotsui a rocky valley, 
or gorge, the glacier grooves and polishes the sides as well a=. t e 
bed Figure 136 shows the sandstone wall of the Delaware a er 
Gap and" displays the characteristic glacial modeling. A rock 
wall, lately abandoned by the Grindelwald Glacier, m btvitzerlan , 

is remarkably similar. iH. Philipp ) 
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The abandoned glacial valley, below the level to which the neve 
field formerly extended, is not graded to one uniform slope, as a 
mature river vaUey is, though perhaps broken by occasional ^ater- 
falls It consists of a succession of steps, of which the treads are 
hoUowed out to form rock basins and the risers are abrupt ledges, 
which run across the valley, the whole forming the “cascade .stair¬ 
way ” the basins often occupied by lakes. The risers are partly 
due’to plucking, which leaves an abrupt upstream face, partly to 
joint planes, often to the incoming of tributaries, which deepen 



pv-j 136. — Glaciated sandstone cliff, Delaware Water Gap, Penn 


the main glacier and give it increased abrasive power. The high¬ 
est of the risers is that at the foot of the cirque, so high that an 

ice-fall once marked its source. 

There are a number of dynamic agencies which produce polished 
and striated surfaces sometimes deceptively like glacial action, but 
never on more than a very restricted scale. Coast ice, freezing on a 
rocky shore, and moved back and forth by tides and storms, polishes 
and striates the rocks, but only in a narrow band. A stream of 
volcanic mud, carrying blocks or bombs, may produce a similar 
effect on a valley floor, but not for any great length, or width. 
“Slickensides,” the polished and striated faces of a fault, in which 
the rocks have been ground against each other wdth tremendous 
force, might lead the observer to think them of glacial origin, 
did not their mode of occurrence preclude such an explanation. 
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m The tributai^' vallevs do not enter the main valley at grade 
.3 St Jms of^a.er do, bm high obove ihe flow o( J^he latter and 

gS erosion is chiefly determined by the th.ekness o, the tee 



Fig. 138. —Hanging valley, Glen Ne^-is. Scotland. tGeol. Sarv. Gt. Bnt.i 

and therefore the main valley is deepened much more quickly 
than the tributary- valleys. The accordance of a glacier with its 
tributaries has to do with the surface of the ice tfor the direction 
nf ice movement is determined by the slope of its- upper surface), 
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and not w-ith the beds. Hanging valleys may be produced in other 
ways, but the great majority of them are of glacial origin. 

Finally, glaciers, unlike rivers, have the power of excavating 
their valleys below sea-level, a process which is called overdeepening, 
for the ice must continue its erosive work even after it has entered 
the sea, its acti\ity diminished by the buoyancy of the water and 
progressively lessened as the ice is submerged, until it begins to 
float. On a slowly rising coast, there is no limit to the excavation, 

as is also the case \%ith rivers. 

A remarkable feature of certain glaciated coasts is seen in the 
fiords (or fjords), which are so celebrated in the scenery of Norway. 
Fiord coasts occur in the high latitudes of both hemispheres; 
in the northern hemisphere the limit equatorward is latitude 49°, 
and in the southern 41°, almost always on the western side of 
land masses. Norway, Scotland, Greenland, Alaska, British 
Columbia, southern Chfle, and New Zealand have typical fiord 
coasts. Fiords are inlets from the sea, long, narrow, branching, 
and usuaUy ver>' deep. The bottom, in most instances, is made 
up of a rock-basin, or several such basins, and is usually deeper 
in the middle of its course than at the seaward end. Sometimes 
they are continued along the sea-bottom as submarine valleys. 
Landward the fiord ends in a river valley, which in Norway, Green¬ 
land, and .Haska are still occupied by glaciers. 

Though not free from difficulties, the most satisfactoty explana¬ 
tion of fiords is that they are vallej's, originally formed m any way 
a.« by faulting, or river action, but molded and overdeepened by 
glaciers The rise of the sea and depression of the land which 
took place at the end of the Glacial Epoch have added to the 


depth of these valleys. • 

A large glaciated region is characteristically different m appear- 

ance from adjoining unglaciated areas. In North A^enca an 

irregular line, which marks the last extension of the great ice sheets 

of the Glacial Epoch, has been traced aU across the ^^ontinent from 

Nantucket to the mountains of British Columbia. North of that 

line except in the lowlands of Alaska, the country- is in remarkable 

coni-t fo the areas south of it. In part, the difference is due to 

glacial deposits, the low hills and winding ndges of gravel, the 

sandv plains, etc,, but glacial erosion has prt^uced Ae roun^ 

flowing outlines of the hills and the absence of steep, abrupt cliffs 

and crags such as abound to the south of the line. 
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n"*:, iTs Na:i:ja„'d,':he r-to parts ot 

S^ork, and the Middle West have thousands ot ^ 

lltivelv late^time, very few lakes are to be found m the South. 
Wh!n sfr iyell visited the United States in 1841, he was 

bv the paucity of lakes in the Appalachian Mountains, 

i^such contrast to the mountain regions of Europe, Scotian , 



Fig. 139- — Glacial pebble. (U. S. G. S.) 

Scandinavia and the Alps. Agassiz’s glacial theory ^ 

been put forth and had found but little favor, so that Sir Charles 

did not associate the absence of lakes with the non-glaciated 

mountains. . . , , , 

As in the case of a river, the abrading material is [tself abraded, 

and much of it is ground up to the fine powder which loads he 

streams flowing from glaciers and gives them the turbid milky 

appearance that aU visitors to Switzerland have noticed. The 

pebbles and cobble stones that are pushed along berieath the ice 

are not roUed over and over and so are not spheroidal, but sub- 

angular and sometimes faceted, with smooth faces that meet 

at an angle. This peculiar shape is due to the shifting or turning 


AX IXTKOlH V' l lU.N lO UhULUii\ 


ns 

of the stone in the ice ; after one side has ix'en worn flat, another 
is so worn, and this process may i>e re{X'ated .'overal times. In 
addition, the glacial {X'bbles are often striated, smoothed, and 
polished like the ice-pavement over which they have lxx?n forced. 
The part t'f a glacier which descends below the snow-line is 
subject to summer melting and streams and lakes are establkshed 
upon the upper surface of the ice. When the ice is broken by 
crevasses, as it is in almost all mountain glaciers, the surface 
streams, after a longer or shorter course, are engulfed in these 
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Fm 14(1. — Baird River flowing from beneath Baird Cdacier, Thomas Ba>, 
southeast .\laska. tPhotograph by Buddinston. I. ^. G. 

cracks in which thev melt cylindrical shafts, which in Stntzerland 
are called mouUn^ .mills - The shaft may reach to the bottom of 
^e tee. m which case a pothole is cut in the bed-rock by rotating 
.tones as pre^^ouslv explained. More frequently the mouhm 
do no^ reach the bottom of the ice directly, but turn aside m o 

horizon^ .unnUs, through wUch tho wuter flotrr, eveutuall.v 

ininiD*T thp ?‘Tr0iini* 

Unde .ho uioa, .Mabspina Glacier ot .Uaeka .are mnumerab e 
„-,«r out^ee which flow out from under the tee ae 
"ierl Some are under each preeeure that they 

fountaine, epouting ten feet or more into the air. The 
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Spitsbergen has surface streams wmcn 
because they do not enter ^^vasses^ 

Glacial Traasporlauaa. Rock debns " 

“f. -Tb; “ o .he .a.,er, .hce . 

portation by n\ers ana ^ g movement and transporting 

“ "'“'To rreclTlt i- 

blocks a« carried oW .oge.her The -.ena. .n 
.ransit aad that de^s. ed a^ f;“,rtved chiefly 

moraine. 0 “ the surface of the i(^ the aeo^ 

from of'aU sL that form a talus heap along 

ThrS: rft glacier form ,he laUral caraiac and am earned 

along by the movejM of the .ce^ 

Very pu^^. aj^ ,, a long re^lar 

l^Tf^r^^debris in the middle of the glacier’s upper surface, 

The mjtstery is at once “'“Ttaurmedial moraines are the 
nulter of separate Imes 

along the shearing planes and makes its appearance 

'"T* tdi:r!nc!urd IS'he surface moraines are not .orn 

by the ■<*, set am ry g - 

JsT setrlfe bloeks which am exp«*<l '“."f 
As was shown in the chapter on the atmosphere, 
even when buried in the soil, tend to lose their angles and take on 
a rounded form, because the comers of a ^ock are attac e from 
three sides at once and are thus worn away more rapidU than the 
faces When the rounded shape has been acquired, weathenng 
is retard^ The blocks in the surface moraines are exposed to 

atmospheric action for many years before they are fina ■' 

in the terminal moraines. A boulder might he on one of the 
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relatively short Swiss glaciers for forty years or more and at an 

altitude where frost destruction is very rapid. 

The grmtnd moraine is the mass of rock material and debr 

of all sizes which is pushed along beneath the glacier or frozen 
in its bottom. Much of this debris is plucked from the bed, some 
comes from the surface of the ice, washed do^m into crevasses and 
mouline and the finer stuff is the product of glacial abrasion, the 
transported pieces being crushed against the bed-rock or agains 
one another. The rock flour which results from this grinding is 
mechanically subdi%ided, but not chemically decomposed. How 
much of the ground moraine may come to rest beneath the ice 
is an unanswered question, but it is e^'ident that near the termina¬ 
tion of the glacier where the ice is thin, there is some accumulation. 



Fig. 142. — Projecting ledge of rock in bed of glacier dcb^!^, 

which works up to the surface along shearing planes. (Hobbs, after 


Chamberhn) 


Under thick ice, abrasion is going on too actively to permit loose 
material to lie, but when abrasion ends and accumulation begins 
cannot be told because the bottom is hidden by the ice. In 
principle the action is the same as in a river which excavates its 
channel in one part of its course and builds it up in another. 

Some debris is transported within the ice and this is called 
engladal drift, which, in quantity, is relatively small. Fine 
material, dust, and even sand is blown upon the surface of the 
neve and there buried under successive falls of snow\ Further, 
as was mentioned above, a certain amount of debris is worked up 
from the bottom along the shearing planes, but there is reason to 
beUeve that this is confined to the lower hundred feet or so in the 
thickness of the ice. Though not great in amount at anj gi\en 
time, in the long course of geological ages, englacial drift must 
make an important contribution to the totality of glacial deposits. 

Transportation by Glacial Streams. In summer time, streams of 
w'ater, from the melting of the ice, run upon, within, and beneath 
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,d the terminal moraine e.nl.race^ the end <!une .lu-lv and 
etefore a curved ridge, with concavity upstream. 1 he mer unj 
av be breached in the middle by th.- ..mtl.ovinir Mrea.u, vimli 

,;carried awav the debris as fast a~ it wa^ laid down. 

Terminal moraines offer a great variety m mnn. detenmiied b> 
.e condition of the glacier, wliether -atn.narcn t-lvjmcmti. ' 
treating H stationary, the ternunal meraine l,uih hig.i. r aia 
gher and covers the toe of the ice; if ad.vaiicinu mo-t oi the 
der moraine is pushed along and added t,. at ea.-h hah. It the 



F^g. 144. — Terminal Moraine. Muier (ilat-irr. Fara'Z--laari Aiidt-.-. Ili'-- '' 

grai)h Fy J. H. HaTcli'T' 

glacier is retreating steadily, the moraine is a tlat ^heet, partly 
made up of the uncovered groun.l moraine. It, on tlie other hart' . 
the glacier retreats with interruptions of a stationary condition, a 
succession of curved moraines, one behind the other, is left to mark 
the stages of retreat. Sometimes deep, funnel-shaped depres.'ion:-. 
which may or may not be filled with water, are found in the area 
abandoned by the glacier, which are the mark< of a /;. ///- ee.,-,,:oe. 
The kettle holes are interpreted as large block< of dhtuds-covered 
ice, which have become detached from tlie gktcier in it' retieat. and 
have caused the kettles by nudting. thi a >mall 'cale. thi> p^oc^^.' 
may be observed in some of the- re-treating Alaska glacie-r? toelav . 
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Ice Cap^ for Ice Fields). Under existing conditions, this typ<- 
of glacier is confined to high latitudes in both northern and southern 
hemispheres. Norway, Iceland, Spitsbergen, and the archipelago 
of Arctic North America are the northern examples. The ice cap 
is a flat dome, above which no rock rises, except .sometimes at the 
margins; it covers completely the platform on which it lies, which 
is a small island, or a plateau, as in southern Norway. From the 
ice cap glaciers may descend as .separate ice streams, again as in 
Norwav and aDo in Iceland, but not in the Arctic archipelago-. 



Fig. 147. — Looking northeast across inland ice of southwest Greenland. 

(Photograph by Prof. \N. H. Hobbs) 


As ice caps are intermediate between mountain placier^^ and th(‘ 
inland ice, it is not necessarj* to give an account of their activities 

here. 

Inland Ice (or Continental Glaciers), at present exemplified only 
by the vast ice sheets of Greenland and the Antarctic Continent, 
is looked to for an explanation of the many problems which the 
action of former continental glaciers offers to our attention. But 
several important differences in the conditions of climate and 
latitude give a reason for caution in drawing inferences. 

The inland ice resembles the ice cap, has the shape of a much- 
flattened dome, highest in the mid-interior of the land mass and 
descending to the coasts. Except in the marginal zone, where it 
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iiiiion 'hinrif'l, nri F'IC.-c !iU;''rs rise* fibovo .surfac? of the ice 
i Greenhind. Y egener'.' Expedition medc- eonic eoundinge through 
.0 ice to th-- bed-rock for ;• distune- of 24> miles in from the const 
a point where the ice wa^ S.SoO feet deep, and found that the 
■d-rock made a shallow dish, v.ith curvature in the opposite 
nse 01 tha- of the ice surface. The dome rises to a height of 
t.nno teet. ni''^ro or iibove the sea-level, where there i? no 








L. M. G.^ 





*:•: Greenland 


"■hina in -unin>T. r-xc-nt enouerh to form a thin crust over the 


• * « 

ow. The-re i- no I-:"' by rra-hing. and so low i? the temperature 
a* the relative rnc'i'-oar- always high, and therefore there is 
^ bv evaDorarion. This exolains the fact that the 

A * 

: 1 clirra'oe ‘.f Greenland, with a sno^oall equivalent to only 
inch'^:^- of r-iin. siippor*- dii' vast accumulation oi snow and ice 
d 'UppI:-'- the annual was-e nf the maraina! zone, where there 
ex'ensivE- nv-bina in 'Uninu:-r aii'! adsc' the formation of icebergs 
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the high lands. There i.s much reason to believe that a great part 
of the inland mass is stagnant and that the marginal zones of true 
ice when there is extensive summer melting, is .supplied by the 
wind, which is incessantly blowing clouds of snow before' it, and 
partly by a slow creep from the higher levels. From the mar¬ 
ginal zones, great glaciers descend through the mountain passes, 
many of them entering Baffin Bay. Tlu'se ice streams move 
much faster than the glaciers of the .^Ips, but in the marginal zone 
of the inland ice the movement is very slow. Frosion is effecte<I 
in the broad belt near the coast where the ice is demonstrably in 



Fig. 149. — Nunataks near murfjin of itiiari<l icr. sout liwest (ireenlund. 

(Photfjgraph by Lifibevj 


motion, and judging from the rocks recently uncovered by retreat 
of the ice, the polishing and striating of the bed-rock iivv the sainf 
as in the work of the mountain glaciers. Transportation by tin 
inland ice is quite different from that performed by the mountair 
glaciers, for as no cliffs rise above the ice, there are, over far tlu 
greater part of the surface, no visible moraines. NearcT th( 
coast, where the ice is much reduced in thickness, mountain peak; 
make their appearance; they are the riundiak of the Eskimo 
which has been defined as *‘an island or rock in a sea of ice.' 
Below each nunatak is a train of boulders, split off by frost action 
but the sum total of surface moraine is small. 

A considerable amount of englacial drift is shown in bands oi 
the ice front, derived from wind-carried dust. Ground morain' 
is more extensively formed by material plucked from the bed an< 
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of a hard ledge projecting above the bed-rock, is an especially 
prolific source of debris. Such of the Greenland glaciers as do not 
enter the sea have no high, ridge-like terminal moraines, as do the 
mountain glaciers of Alaska or S^sdtzerland, but a flat “outwash 
plain’' of gravel and boulders. Fine material, sand and dust, is 
carried away by the wind and deposited in sheltered places. 

Drurnlins are hills of glacial drift, only partially or not at all 
stratified. Like esker, the word is of Iri.sh origin. A drumlm 
is a hiU of oval ground plan, the long axis of which is parallel to 
the direction of the ice movement. They usually occur in groups, 



Fig. 151. — Elrumlin, Jefferson Co., Wis. (U. S. G. S.) 


often in great numbers, with long axes parallel to one another. 
The islands in Boston harbor are drurnlins, most of which are 
bisected by wave action. In western New York are 6,000 of them 
and in Wisconsin 5,000. In height they are 100 to 200 feet and 
are from half a mile to a mile long. These strange hills all lie 
within the terminal moraine and are due, chiefly or entirely, to 
the ice, but no satisfactory' explanation of them has been found, 
for nothing of the sort has been found in process of construction 
today, or in association with any of the existing ice sheets. Nor 
can their manner of occurrence be explained — immense numbers 
in certain localities and vast areas of glacial drift without a trace 
of them. 

Karnes are ridges of gravel and sand deposited by streams 
along the edge of the ice. Often such streams, as may be seen in 
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distances, from a few yards to hundreds of miles. The large.st 
one known in the United States is a mass of granite at Madison, 
New Hampshire, and measures 90 X 40 X 30 feet, and rnust 
weigh over 65,000 tons. Another extremely large one is at Port¬ 
land, Connecticut, and granite blocks, only a little smaller, and 



Fig. 153. — Alluvial fan, Lake Canadian Rockie-S. (Gcol. Surv.j 

Canada) 


innumerable ones grading down to cobble stones in size, are scat¬ 
tered over New England and Long Island. 

Huge as these are, they are insignificant in comparison with the 
gigantic masses of sedimentary rocks that the ice sheet tran.s- 
ported for several miles in England; some of these are hundreds 
of yards in 

could have picked them up. 


length and it is difficult to understand how the glacier 
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Soinetime?, though rarely, it happens that the melting ice 
lowly lower? a boulder and leaves it stranded on a rocky ledee 
o balanced on a point that it may be moved back and forth wTth 
he hand. It is then called a ‘’rocking" or "logging stone." Xot 
ill rooking stones are of glacial origin, though most of them are: 
■ometimes a bl.:'ek i< so undercut by weathering as to be balanced 
uid inc>\iibif. I'igure /4 shows Cradle Rock, described by an 
•ighteenih o-.-ntury European traveler as one of the greatest 
vi.rrier' lU' rhe world. Tile confused mass of blocks on which it 
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often ramify so as to betray their origin as drainage systems ; they 
were formed by subglacial or englacial streams which choked up 
their channels with gravel. The word e.'-ker is of Irish origin and 
has been used in so many different senses that it would be well to 
adopt the Swedish term Amr as the Germans have done. I ig- 
ure 154 shows a typical esker left l>ehind by the retreat of the ice. 


Ver>^ similar ridges are freciuent in England. 

The Malaspina Glacier is more favorable to 
glacial deposits than is the great inland ice 


the study of fluvio- 
of Greenland. The 



Fig. 155. — Pleistocene varved clays, Milk Brook, Hanover, N. H. (Photo- 

graph by R. \N'. Sayles) 


Malaspina has an area of 1,500 square miles and the Boring not 
much less. The outer portions of the glacier are stagnant and so 
covered with drift that no ice is visible. About the margins of the 
ice small lakes are formed, the waters being held in place by the 
glacier, but these lakes are subject to great fluctuation. In such 
lakes, fine clays are laid down in the plainly separated annual 
layers called varves. In very many regions, varved clays are 
found in association with the Pleistocene ice age and in both 
northern hemispheres. In the supposedly Permian glacial forma¬ 
tion of Squantum, on the coast near Boston, varv^es are particularly 
well showm. 
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Lake Ice produces some remarkable effects in northern latitudes, 
not too far north for an occasional break up and refreezing. When 
the lake is covered with ice fragments and freezing weather 
the water between the ice cakes is frozen and expands jwwerfuUy, 
exerting heavy pressure against the shore. If the beach is boulder- 
covered, as is so apt to be the case in northern lakes hnng within 
the glaciated area, the pressure of the ice pushes the boulders up 

into a ring wall, which has an artificial look. 

Coast Ice. In far northern regions which have verj’ severe 

winters, the shallow water along the coast freezes into a broad 
shelf of ice, called the ice-foot. The bottom is studded with sand, 
and pebbles and boulders, if there are any on the beach, and land¬ 
slips cover the top with debris in the spring thaw. WTien the 
ice-foot is broken up, part of it drifts away, carrj-ing its load of 
pebbles and rock fragments for long distances, perhaps out to the 
deep sea. Parts remain on the beach and are worked backward 
and forward by the waves and tides, striating the rocks of the 
coast, scratching and polishing the pebbles frozen in the ice. 
Sometimes an excellent imitation of glacial action is thus pro¬ 
duced, but the small area and the position on the beach expose the 

deception. 

For hundreds of miles, the coast of Antarctica is fringed with 
the ice cliff called the Ross Barrier, or the Great Barrier, or, more 
descriptively, as shelf ice, which varies in height above the sea 
from less than 50 to nearly 300 feet; the shelf, which has a remarK- 
ably level top, is afloat on the sea and is in steady motion at the 
rate of about 1,500 feet a year. Where glaciers descend from the 
interior, they send out floating tongues which contribute to the 
barrier, but, for the most part, the portion above the water level 
is composed of snow. In the northern hemisphere there is nothing 
at all resembling the Ross Barrier, though there may have been 
such a shelf on the New England coast in the Pleistocene ice age 
anH another on the coast of Greenland. 

Icebergs. The icebergs of the Arctic and Antarctic seas are 
entirely different in shape, appearance, and mode of ori^n. Aside 
from the small icebergs of Alaska, which are of no importance, all 
the icebergs of the northern hemisphere are in Atlantic waters and 
are derived from B affin Bay, where many great glaciers descend 
from the inland ice and enter the sea. Such glaciers plow along 
the bottom until the buoyancy of the water forces the foot of the 



glacier to rise and float, breaking from the parent mass and drift¬ 
ing away as an icebeig. Currents carry the bergs down the bay 
and into the Atlantic, where some have been met with as far 
south as the Azores. They melt irregularly and take on fantastic 
forms; immense as many of them are, only about one-eighth 
of their bulk appears above the water. They are lighter, and float 
higher than ice entirely free from air would do. The geological 
importance of icebergs is entirely in a small amount of transporta¬ 
tion and deposition. As they are fragments of glaciers, each bei^ 
carries away whatever debris that particular fragment held frosen 
within it. Thus Greenland rocks are scattered thinly over the 
bed of the North Atlantic and in its greatest depths. ^ 

The Antarctic icebergs Me remMkable for their tabulM, reo- 
tangulM form; the portion which appears above water is rela¬ 
tively long and low, yet they float high, because they are mostly 
composed of snow, being detached portions of the floating barrier 
that surrounds the continent. They cany very Uttle d6bris. 


references 

Db Gbkr, G., " On tile Determination of Geochronology by a Study of 

Laminated Deposits,” Science, N. S., Bt 52. 

Hobbs, W. H., Chamderidia of ExisUng New Yor^ 1911. 

Johnson, W. D., “ An Unreoogniaed Process m Glacial Erosion, Science, 

M^th^'f. E., “ Glacial Sculpture of the Bi^m Mts.,” U. S. GeoL 

Tati^t d. Eiaes,” Salomon’s ChvndzQgt 

d. Gtoloaie, Bd. I, Stuttgart, 1924. . i r u loon 

Wece!h?A., Vil MatariMot und SeUiUen tn Gr&nland, Bidrfdd, 1930. 



CHAPTER XV 

LAKES, PLANTS, AND ANIMALS 

The term lake is a very comprehensive one and includes all 
jontinental bodies of water not in tidal connection with the sea, 
n which the water is relatively stationary, not running, as m a 
stream. If a lake has an outlet, it is situated at the lowest point 
jf the retaining barrier, and the water flows, though with extreme 
slowness, toward that point. The Lake of Geneva is 45 miles 
long and the rate of movement of its waters has been determined; 

1 given drop of water requires eleven years to pass from one end 
3 f the lake to the other. This is practical stagnation and makes 
plain why lakes act as setthng basins, throwing down all particles 
of the sediment which is carried in by tributary streams. Nor¬ 
mally, the water of lakes and their outlets are exceptionally clear. 
From the geological point of view lakes are ephemeral and must 
sooner or later disappear, either by the filling of their basins with 
sediment, or by cutting through of the retaining barriers and so 
draining the basins. Lakes are formed in a number of different 
ways; most of them occupy depressions, the bottoms.of which 
are below the general drainage level of the region and often below 
the level of the sea. Other lakes are impounded by barriers and 

these are usually above the drainage level. 

The dams may be of the most varied sort, glacial moraines, lava 

streams, the debris of great landslips or rock shdes which block up 
a valley, or the delta of a tributary, which brings in more sediment 
than the trunk stream can carry away. Great lakes that are 
relatively long-lived are contained in basins, often of great depth, 
which were formed by diastrophic movements of the earth’s 
crust. The other varieties are more evanescent and usually of 
rather small size. 

Lake Erosion. Small lakes accomplish almost nothing in the 
way of rock destruction, being places of accumulation. In great 
lakes, such as those which are drained by the St. Lawrence, very 
heavy surf is generated in storms, and this attacks the shores in 
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much the way (h»‘ hut effeclivelv, for, on 

account of the abs:'nc<‘ of a tide, the work of the w»vt> is* confiw^J 
within narrower hnuts and the Lake cannot spread indefinitely 
ov(*r tlie land as the ocean can. Nevertheless, the cut bluffs und 
cliffs, dept-ndeni upon the height and l»ldness of the shores, 
reveal the destructive work of lakes. The form of Iji'ach lines, 
so long as they jX'rsist, record the different levels of the lake, 
Haisid Ix-aches on the .xaishon- an- nearly alwavs due to an 


upheaval of the coiist, but the dest-rted shon- lines of a lake are 
the result of changes in the water level. A diastniphic elevation, 
or depression, would rai.se or lower the lake bottom and it« shores 
together, cau.sing no relative change. The two pnncipal claiwes 
of lakes, fresh and salt, while doing similar erosive work, have char¬ 
acteristic differences in deposition, though not always, for the 
chemical deposition in salt lakes requires a degree of concentration 
in the solutions which is attained comparatively seldom. 


A. L.vci'Strixe Deposjts 

In fresh-water lakes, deposition is mechanical and, in very sub¬ 
ordinate degree, organic also. In salt lakes it is mechanical, and 
if the necessary* concentration is attained, chemical precipitation 
becomes more important. 

/. Fresh-Waier Lakes 

1. Mechanical Deposits are principally of the sediment which is 
carried in by streams, with the addition of the material provided 
by the attack of the lake on its own shores. Almost without 
exception, streams entering a lake form deltas, which spread out 
in fan-like shape from the mouths of the streams. If the tribu¬ 
taries are sufficiently numerous, they will fringe the lake shore 
with delta deposits. That, however, occurs only in small lakes. 
Part of the river-borne material is distributed by waves and 
currents, but the coai^r particles are thrown down to form the 
fore-set beds, the inclination of which depends upon the depth of 
the lake at the point of entrance and upon the coarseness of the 
sediment. Small lakes are filled up by the coalescence of the 
deltas or the outgrowth of a single one, forming, first, swamps, 
then smooth, grassy meadows, through which flow the streams 

keeping open their own channels. 




Away from the deltas, the action of waves and currents form 
beaches of gravel and sand, the latter extending for some distance 
out into shaUow water. Figure 157 shows a beach on Lak 
Ontario, covered with large, flat pebbles of sandstone, derived from 
the neighboring shores. In size, the pebbles are ob%'iously grade 
from small ones near the water’s edge to verj' large ones on the 
upper part of the beach where only the surf of hea%T gales can break. 

In large lakes, the surf, which is verj^ \-iolent in storms, cuts 
back the bluff or cliff and forms a terrace on the shore, which is 



Fig. 157. — Gravel beach, Lake Ontario. (U. S. G. S.) 


extended outward by deposition of the debris thus obtained, the 
terrace is then said to be **cut and built. The finer materials 
are carried out to deeper water and deposited in layers over the 
whole lake bottom. The coarse and fine sediments grade into 
each other, dovetail and overlap, because in hea\^’ storms, or 
when entering streams are in flood, coarser debris is carried out 
and deposited on the finer. There is, however, a limit to the 
distance to which gravel and sand are ever carried, and in large, 
deep lakes, much the greater part of the bottom is covered with 
the finest clay and marl. The action of currents forms special 
lines of accumulation for the coarse substances and builds up 
shoals, spits, embankments, and the like. 
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The five Great Ukes, also tributaries, so that the 

sriuUl drainage basin and ve no 

large volume ol overflow, " underground water 

must be chiefly coarse material, and this 

is supplied mostly by ‘ blue muds and clays, partly 

deposits now forming arc pr P „,b„ minerals in an 

made of kaolin and partly of t chemically decompow-d. 

rxtrcmely fine state of >“W.v.s;^^“ yue. . ^ 

In Lake Superior the claj P , ^ ^jut by the manner in which 
An abandoned lake basm \ materials 

its deposits are arranged, but mo I 

is soon swept away by the erod g may persist 

the original form r p^^n in the plu^^al climate of 

for many thousands of years, Lakes is still 

the Middle West the ^inplextasrc^^^^^ 

surprisingly legible. E. features so well preserved that 

,0 be seen in the G«P‘®“'°;'^'c'd ISrawn but a tew years 

it almost seems that the wa ^^hich the existing Grf^at 

ago. To the large body ot w-ate . of wtadi 

Salt Lake is the shrunken remn . f,p„b 

has been given. The drying up ot b-Ukej^^hie ^ 

and had an outlet northward to t its size, shape, 

Survey. ^ „ Rnnneville had an area 

A, its time of greatest Lake Supenor, 

of 19,750 square miles, nearly two-third. §,^11 

and had the very' Jea of 2,170 square miles 

Lake, though gamble, a m ^iff^rent levels of the lake, 

and an extreme depth of 46 feet. ^in the beaeh 
at various stages of its history, are pe W-usatch 

terraces, which are so conspicuous on he flanks ot 

rrrau" ^T^e—n^C’^avel and sand 

: rm^mtSwa. and most »<'be h.in is an ex^ mg V 
n^detrmined depth with beds of very fine clay and marl. Th, 



342 AN INTRODUCTION TO GEOLOGY 

mountams, which rose as rockj- islands above the water, now rise 
above the lake floor and have a half-buried appearance. In more 
ancient lakes the shore features have been removed by erosion 
and onlv the deposits of the deeper part of the basin have been 

presert'ed. Such remnants of geologically old l^es cannot 

dways be assuredly distinguished from the flood plains of 

rivers. ^ 

2 ChemicaJ Deposits are not common, nor of great “PO^^ce 

in fresh-water lakes, especiaUy the larger ones. In ^me small 

lakes calcium carbonate is precipitated, and more abundant is the 

iron^ire limonite (2 Fe.O,, 3H,0). The iron is brought m. a^ 

ferrous carbonate (FeCOa) dissolved in water, by tnbutaiy streams 

and partly by the action of the iron bacteria, part y y co^a 
or^s of this kind are dredged from the lakes and used as a sour 

and con. 

spread f »“ ,P „hich peat, or partiaUy decomposed, 

scopic plants which secrete JbottonL as a fine 

multiply with great ^ or poUshing powder, or 

white powder, vanously caUed Tnpoh, o^^ P^^ ^ 

infusorial earth, they form accessible deposits. 

water, but it is only m la 

Calcareous accumulations are ““ considerable thickness 

and other fresh-mater moUuscs, “ “ accumulations are 

and extent. 1\-hen loose and m~here^'j ““ “a,,ategrated by 
called shell morli and t e OTganic structure. Shell 

the water as to be without f ™\°/,PcUcate that the bog 

marls are often found ^ vegetable growth. Bones 

was originally a lake, ^ /j^the marl. When cemented 

?!r;r.ttrm::r,:raU-water limestone. 



T>T aVTS and animals 

lakes, PLANlo, 

11. Salt arui Saline Lake,s 

=oU ^XaCl) is the principal 
Salt lakes are those A saline lake is a more 

i„g,.dien. of the dl^W^ oo, only ordinary anU wa.or, 

ab m etc. Saline lakes of aU kinds ar^on 

whei4 rainfall is light thak 20 inches, and the 

for instance, the annu^ mav be formed in either one of 

evaporation over 60. Such la ' - ^ ^ ^^ter from the sea. 

This is exempUfied by J^a-level and in 19W was 

as is indicated by the teach 

remain. The Colorado Riier. « across 

east, some distance ^ ®^ p„d into a salt lake, which sute 

^qu?^y by evaporation. Beds of salt remain 

continued concentration o removed bv evaporation. The 

outlet and where surplus ^a ^ and 

size of the lake 'the season of high water in the 

evaporation, the level nsi g .. ^^ries are lowest and evapo- 

tributaries and ^ ^asonal variations of the lake 

mThe tevel and 

which do not occur in lakes excellent illustration 

r as long .s the 

of the change the lake was fresh, but 

water level ^ of^Umate dinlinished precipitation and 

when advancing a"dity g^rface 

rr r.:« - 
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dissolved solids steadily rose until the lake became brackish and 
then salt. Great Salt Lake, the “boiled down” remnant of Bonne- 
\dlle, is intensely salt and bitter and the water is so dense that a 

swimmer floats in it almost like a cork. 

As has been seen (p. 266), river water always contains many 
sohds in solution, and of these one of the most abundant and wide¬ 
spread is common salt; and the continual influx and evaporation 
of river water cause the lake to become more and more saline, till 
it reaches saturation. The salt is mostly, though not altogether, 
derived from rivers; desert soils and surfaces contain it, and on the 
Pampas of Argentina, which cannot properly be called a desert, 
salt crusts frequently form. Wind and rain thus carry additional 

salt into the lake. 

1. The mechanical deposits laid down in salt lakes do not diner 
in any essential way from those made in fresh water. The finer, 
flocculent clays settle more rapidly in brine, and strongly saline 
lakes are extraordinarily clear. Organic deposits in salt lakes 
are practicaUy absent, for verj' few animals or plants can exist in 
strong brine, and those that do so are not of the sorts that form 
accumulations of peat, or calcareous, or siliceous matenal. For 
the same reason, deposits of any kind made in salt lakes are almos 
barren of fossils, except of such land organisms as may be brought 


in bv flooded streams. f „„„„ 

2* Chemical deposits are much the most important of the accu- 

muiations made in salt lakes and they diger in various lakes aecord- 

ini to the composition ot the rocks in the dramage basins, but 

while some of these materials are rare, others are eac^dmgly 

common and widely digused. The deposition of the saltsj im 

evtremelv complex matter, the more so the larger 

Ingredients present in solution. In general, the Prec^.tatron W 

down and the most soluble last. Little chemical leaction 

thoi laid down by the evaporation of saturated ^ 

same as *^’ 0 ^ 

Sca°siSn“, tte chemically and “'‘‘‘'/Xn'tulk 

rrSLrU pum masses of the salts are thrown do^ in their 
inverse order of solubility, as the concentration proceeds. 



lakes, plants, and animals 


345 


carbonate (CaCOs) an er precipitation of dissolved 

saline lakes, this is about the hm ^ 

materials. These same deposition being principally 

laid down in fresh-water lakes, ancient 

due to the loss of the solven BonnevdUe, occupied part of 

Lake Lahontan, Wire wfthout outlet, built up cal- 

northwestem Nevada and, being 

r"SedT^^^^^^ r ItriTd 

-^e, California, the same material 

has assumed bizarre stapes. proceeds, the next sub- 

As the concentration of the lake J ^ate (CaSO«, 

stance to be precipitated et much more so than 

2 H.O), which is only -'rcSimted from cold water, 

calcium carbonate, ^y^um P j^j^^mls may occur in 

anhydrite (CaSOO from ho , nrovdnce of New Bruns- 

succession, or association a^^eyj^^^^ sulphate has been elimi- 

Dated, whether as gypsum, or ^dnte, the ^ m 

raU farther Ute Ld Ae Dead Sea 

are ”■>».deposdmg salt. j'alt begins to go 

tion pomt. 4 . j QQ lonff as concentration proceeds. 

mTu :d"^ t°he Lit is mingled with magnesium sulphate 

1 • ricri MeCl. CaCL), which will dissolve in th 

L^Triir L'ri.tS^gLhrs:i'roro,Tm .onus the - mother 

Of these Stter e^ 

nrit! Thev are not deposited except when the water is ^va^ 
rated to dryness and then they form various compound salts wit 

at Stassfurt, in Prussia (hence often 
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called “the Stasslurt salts”), and, less extensively, in Alsace; they 
are known to occur in Spain and Morocco and have been found 
in Texas, though it has not yet been ascenained whether the Texas 
deposits are commercially practicable. In ven,' diy* chmatcs, 
as in western Texas and central Asia, salt may he on the surface 
in great masses. Lop Nor, in Turkestan, is a large salt body which 

marks the site of a dried-up lake. 

The order of deposition in a salt lake, as outlined above, is 

subject to interruption. In seasons of high water the flooded 

tributaries dilute the lake water and cause chemical precipitation 

to cease and, at the same time, increase mechanical deposition of 

The burden which the swoUen streams bring in. Thus clastic 

sediments, sand, mud, etc,, are laid down upon beds of salt and 

g^-psum, alternating with them, as evaporation or the influx of 

f^esh water predominates. Changes of temperature may^al^ pi^ 

duce different compounds. In cold weather, the Great fc^t ^e 

washes up on its shores windrows of sodium sulphate 

Glauber-s salt, which is formed at low temperatures by the double 

decomposition of sodium chloride and magnesium siflphate. 

Beddes the chemical deposits in saline lakes already mentioned, 
there are others which occur on a much smaUer scale. ^ the 
western side of the Great Basin, in Nevada, California, and Oregon, 
are several lakes, whose waters hold in solution quantities of s^im 

carbonate *NaCO,», and in some the solution is so 
at to cau^ precipitation. In other lakes borax, or sodi^ tetra¬ 
borate (Na.>B,OT, lOH.O s L- contained and ^ deposited m ^ 
^ climates, as in Death Valley and the bitter lakes of central W 
'Much the most abundant of the chemical deposits made m sal 

k thuSeilined. Concentration may not have proceeded far 
ihe most enormous of the taotm ^ 

parts of the Cnited St«es, notably m New Wk an 

large bodies of salt occur, though on no suich =caie 

Europe. 
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Saa .aaaea „r such 

or no mechanical operations of a salt lake as 

easUy to be explained by the us ^P 

above described. The exp an g^a, hke 

1 Saaon Siak, or dmoat ^para^ aU that 

::t'Ss“.S S ““ * 

S "itr “5 — 


the deposition. 


B. Organic Agencies 


aa!>p;rrhrh“tr:ot:— 

« said (p. 218) as to the oot sufficiently 

almost entirely plants, , ' a thick covering of vegeta- 

-p^-nrarcutf's:rrti; 

r tniZi"dt:^ngT tt ?:Sn dasUc 

Lngrove trees, with then interlacing ainal roots, so break the 

force of the surf that it cannot wash away even fine mud. ^ 
The only protection given by animals that should be mentioned 
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, • hnoortanco with the u<lvanee of 

certain to increase thit these microscopic plants are 

knowledge. We ^now td ea ..altitudes m 

S^nd have<li«.“fcc,=, no, yc. 

integration of rocks. It 
has been suggested, but 
not proved, that laterite, 
the peculiar red sod of ttie 
tropics, is a result of bac¬ 
terial activity. Xo one 
can yet foresee what tlie 
linuts of this activity in 
the soil and in the muds 
and oozes of the sea floor 
^•ill eventually be found 
to be, but we may safely 
assume that the limits will 

be very wide. 

Growing plants enlarge 
the diameter of their roots 
with a force of expan¬ 
sion comparable to that 
of freezing water. Seeds 
germinating in the crevices 
of a rock, or the roots of 
trees which invade such 
crevices from above, wedge 
the joint blocks apart and 
large areas of rock are thus 
effectively broken up. In I ig. IbU n* ‘ ^ 

T TTi. Ifil mav be seen the manner in which th(‘ loots o a tr 
In Fig. Ibl nia} ot ^ecroto an acid which 

Sv:s\:,!“con;uu,on,, ot ricks, rl.,. adding cl,™,ical 

“mok eSMticrttn”!!!' dcMructive work of liviop plaot* D Da'' 



IMG. 160 ,-Splitting Df ’’y 

i,i.;tn'(fr„r.ts. Surra Neva,la, Cal. 
jrnipli hy Ciilhcrt. I - ‘S- ('■ 
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air supply is liiuitccl. ^onoraies a lont: list of organic acids, including 
c-AYhon dioxide and the humic acid<. Sonu' of the-e arc deoxidizers 
and will convt'ri insoluble luniiuuite l e-th or the hvilrated form 
linumite imo the <olul:)le ferrou" carbonate Te-bO,. In this 
manner a nal sandstone, which, when built into a ^^all abo\e 
'-^round, ^'^'ill remain unahected by the weathei ioi (.enturie:', ma^. 
crumble to sand in a few year- underground. Other rocks are 

affected in similar fashi»>n. though tlu' chemical details are dif¬ 
ferent. A loose block of stone, 

diia out of the soil, may seem 
si>uiul and hard, but, when 
l:trr>kt‘n open, will display a 
larger ov smaller center of un- 
changed rock, surrounded by 
a 7 a ) n e o f e n t i r e 1 y l 1 i ft’e r e n t 
color, the incipient stage of 

disintegration. 

'bhe destructive work done 
bv animal- is relatively small; 
niaiiv marine creatures bore 
. tunnel- in rocks, even the hard- 

i.-., i,-] _ r . Ill'll lavina . 

Inu, Hb. k o.t, an,! cau^e them to crumble 

llilb >- Ib by .^^,1 ^ great variety ot land 

r. > >. animal- continually burrow in 

thf <Mil allowin-r a fivm- entramv t<> water ami air. In the 

tlm meun.l fairly alive with burrower. in multitudes, 
and mrunte^ th,' ^n-ealle.l while ants are extremely active 

in tunmdim: the 'oil. ^ 

In ^mni-arul nmmiis iminv ki.uU of burrowing mammal., m 

,.„,„b. r-, are eon-amly workimr over the soil to gmat 
... d.. MW -prairie do-" of the WeMerii plains. The 
‘..A-nal Iwavv rai.P -Inm Penetrate to depilm not otherwise 

In pluvial ivui‘'iw. whieh dn m>t have loo se\eie winteis, the 
, .urn eountl-- .aiahwon.m whom aeolouical activity 

n n d hGtibi.etn, Air. Ilaiwin-^laM book. Karthworms are 
nbup V mv'.Lwma tlw m,i 1 for tlw mke of the organic matmi 
::„r.,,ndiHa .. m .-xw-ive hum..- ,n then- mumiilar aimr^ 
l-i -nil is broimhi P' th.' Miriao- a,t main, e.pmia . 

.... 
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Worms confined in a 


which are so abundant m g^a^y P fresh leaves m 

flower pot filled with wlute sand ^ vegetable loam. 

Worms are continu^ajly brm|ng d rface 

it on the surface, while by coUap^ tenal 

graduaUy sinks. In Engl , gj.ound vanes 

annually deposited by according to the numbers of 

from seven to eighteen tons ..e-tenth to one-si^h 

=-JS - - •■•“ 

C Plant Acclmuiations — Sw.vmp Deposits 

fnn of vegetable accumulations a certain 
For the preservation of g complete oxidation and 

amount of water is remains. Organic decom- 

position is the work of bactena buUhe^re^uU 

were a matter of ^ , f composed of carbon, 

be so treated here, a certa^ proportion of 

hydrogen, oxygen, and laitroge , 

mineral matter which rema^ after completely 

is caUed osA When exposed to the g.^^us 

water and the more complex aaeaslooal taUen 

trunks, which has been g g ,r j„_ -o+er the oxygen needed 
thin layer of vegetable mo . ^ combined with 

for eSeetiog decomposrt.on ,s mt 

hydrogen, but the tree gas w complete decomposition 

ia very Umited in X”* • aS water, and marsh 

trS^Sruearly aU ofthe 

Jd-hfS« ^s tHtr^a " carlmn H* and the 

darker does the color of the mass bMtme countries 

CW^N^^Er^oT^ndir^a. and North Germany i one 
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tenth of the surface of Ireland is covered with peat-bogs. The 
northern bogs, which flourish in cool, damp climates, are made by 
the bog moss. Sphagnum, which is the reason why, in Scotland, a 
bog is called a moss. Bog moss will hold water hke a sponge and 
develop a bog in any shallow depression, or even on a flat surface 
where the plant can get a foothold. The mosses form dense and 
tangled masses of vegetation, dead and decajdng below, growing 
and flourishing on the surface. The depth of the peat may be as 
much as fifty feet and its fineness of grain and compactness increase 
with the depth; in part, this is due to the longer time which the 
lower part of the peat has been macerating in water and, in part, 
to the pressure of the overhung mass. 

In warmer cUmates peat-bogs are not so common and a dif¬ 
ferent kind of vegetation forms the material. Peat frequently 
forms in small lakes and ponds, aquatic plants growing out from 
the shores, until they fill up the basin and convert the pond into 

a bog, as pre%uously described. (P. 342.) 

The vast quantities of coal in the world, some of which is found 
jji every continent, show the great importance which the accumu¬ 
lations of vegetable matter under conditions which lead to par¬ 
tial decomposition have had in the earth’s histoiuu Perhaps the 
Great Dismal Swamp of Virginia and North Carolina reproduces 
more closely than other existing bogs the conditions of the ancient 
swamps in which were accumulated the great masses of vegetable 
matter that now are coal. The swamp, which measures thirty 
miles in length by ten miles in width, is, in size, insignificant in 
comparison ^uth the vast bogs of the Appalachian and mid- 
Western coal fields. It is a dense growth of vegetation upon a 
water-covered soil of pure peat of not more than fifteen feet in 
depth and with no admixture of sediment. In cross-section the 
peat is lenticular, thinning from the center to the edges and with 
a depression in the middle which contains the clear sherry-colored 
water of Lake Drummond. The swamp cypress tree {Taxodium 
distichum) grows abundantly in the bog and prevents by its shade 
the evaporation which would otherwise take place m summer. 
The shallow layer of water which covers the ground receives the 
leaves and twigs which the cjqiress annually sheds, occasionally 
larger branches and the trunks of dead trees, while the de^ 
growth of mosses, ferns, and herbaceous plants that carpet t e 
surface add their quota to the mass of decaying vegetation. At 
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firP olav impervious and tend- 
the bottom of the bog is ^ ijar peat-bogs are found at the 

ing to hold the water m place. Simua p 

e r ... .on. T.e .o. 



Fig. 162. 


Great Dismal Swamp, Va. (U. S. G. S.) 


water, though passing through the clay .yith «tren. don.^ 
found beneath a coal bed and the association 

stances most rocks and soils containing some of its compound 
Most of these compounds are insoluble in water containing carbon 
boride but ferrous carbonate (FeCO.) is soluble m such water 

first foming, no doubt, the bicarbonate, as 

calcium carbonate. We have already seen that m the .oil. 
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no great depth below the surface, ferric oxide Fea.)-, . whether 
hydrated or not, i' deoxidized and converted into the soluble 
carbonate in a manner that does not occur above ground and in 
the free air. How far this converuon is purely chemical, effected 
by the humic and other acids derived from plant decay, and how 
far it i^ due to the action of the bacteria wdheh abound in the ^cil. 
li IS not yet possible to say. Very probably both method^ are 

effective. 

Similarlv, it i- not possible to say how largely the concentration 
and deposition of the iron is bacterial and how tar chemical, tor 
it is quite certain that deposition is accomplished in both_wa>-. 
Water wdiich contains ferrous carbonate in solution is. when Ires i} 
drawn from a well or spring, perfectly clear and limpid. The 
taste of ^uch water i< decidedly sug-e-ive of iron rust, and when 
ii is allowed to stand in an open vessel, speedily throws down a 
rustv deposit, which i< hydrated ferric oxide. Here the process 
is chemical; the oxvgen of the air attacks the ferrou^ carhona 
eatUs it to release dm carbon dioxide and combine with enough 
;Uc^n to re-form the ferric oxide. C'hab-beate springs and 

strelnm stain their bank^ red by depositing the oxide 

Orthe other hand, there is a large group of bacteria, the iron 

bacteria - which take up iron in solution, oxidize it, , 

lioJ-: ,lo no, 00, ,.pon ,hcn.. oile,„e FeCO , . deposed 
from oohnion o„, of con,oc, mth ,ho oxygen of ,he o,._. 

The erreat accumulation- of calcareous material in die ma a 
eoSdekd in Chop,er X^■II in connecion ndih monne depon,. 


r.M.ruT, 1... /-m /.a''y - i,i White and Tlue-en 

LWvm. -V.. "Origin an..! l..nna.,i..n "! Wat. 

. Mnnoaraph 1 

.neBOET, a. K„"l.oko mnnov,!!.-, I ■ . 

wv. . , r- S tWih .San'.. Pt'd. Pape 

H-mnF.R, F-. C.. " In.n-iormnm B.utpru. C • - • - 

. ^ -r T "Ovi the Parallel R..a.l- ut Olen Roy," etc.. (?aur 

./t-ow:. . . i- .. ^ MonogfOp ^ i-- 

..,7 I (■ '■ L;ik‘‘ T-liid'liToiH- ^ . - p i •- j’ < ' 

White, IT. a!dl TKiHr-nN. i 
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the 


destruction 


. • iT^Hirectlv due to the wind, for 

The erosive work of the ^^re .he wind-made waves 

and in deposition, depth of water^js therefore 

determining the nature o . the ocean basins is pre- 

requisite to an understanding of t ^ 

The nature of the bottom in ^ ^ soundings so 

known for the North and South AUa^^^o^^bu^^^ ^ knowledge 

far made in the other o^a^ iT ^ke World War 

of their basins. One of the ^ „ by the United States 

Navy, by means of which a sound difference in 

reflected from the ^ J d and the return of the echo, 

time between the starting of the depth of 

and knowing t ® ^ naval surveying ship. Meteor, has 

recently (192^28) made a America 

South Atlantic, crossmg onimdinE every 20 minutes 

to Africa and return and ^ g double soundings, for 

‘''^rv^":"^ ^d v^riheX b;tllng a sounding 

The results of the Meter's ^Xble and 

only in preliminary form, attention, and it would be 

revolutiona^ !^d'the residts gained in the South Atlantic to 

t.Zi rXeXa^Tot wUh geographers now admit but three as 
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.o. ana .. s. 

=r“«orf Jturj 

U. in a heav.. a waU 20 fee. 

^^Sin^arly, as shown i- great stones 



Fig. 163 . 


S.,r»-w.Te afriking ja-wall at Rio d. Janeiro. (Gif. of Prof. 

B. WiUis) 


breakwater at Holyhead were wasnea ^ 

ZZ tm ™ sZLZ's'‘ZCTkeDes^n a^C^,s,ru^<^n^ 

at the seaward end of the breakwater a monohth of concrete, 
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feet above sea-level. At this same lighthouse, which is 
Oregon coast, waves of 200 feet were reported in the wmter of 19 ^ 
Tn northerly gales the lighthouse on the -Morro Castle, at tne 
entrance to Havana harbor, has waves break over its top, w 

"Tt'desrmcuvfwo'k'of the waves is much facilitated by the 
joint planes which are prese nt in all rocks. These partings and 

the many crevices and 
flaws which are even 
more abundant in most 
rocks are filled with air 
or water in the face 
of a sea-cliff. The tre¬ 
mendous blow of a 
storm wave compresses 
the air or water in the 
joints, which produces 
a wedging action, to 
force out the joint- 
blocks. A sudden com¬ 
pression of air, followed 
by a sudden release as 
the wave withdraws, 
causes the air to ex¬ 
pand explosively. This 
principle is employed 
in the “express rifle- 
bullet,” which has an 
air-filled copper cylin¬ 
der in the axis of the 
bullet. 



Fig. 165.— Vcrticul .strata cut liv tlic .sea, north 
of Skrinkle Haven, Wales. (Ccil. .^urv. Cit. Hrit.i 


UUUCL. When the pro- . 

jectile strikes the victim, the air in the cylinder is violently 

compressed, reexpands explosively, and tears the bullet to small 
fragments. Of course the blow of a wave has not a velocity com¬ 
parable to that of a rifle bullet, but it suffices to cause a powerful 

effect of air expansion. 

Not only is the hardness of the rock a factor in determining 
how rapidly a coast-line shall recede, but if the sea-cliffs are of 
sedimentary rocks, the attitude of the strata lias an important 

* Verbal communication from the late Gen. Ludlow, L. A. 
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Fig. 167. 


Cleft made by .be tea on a taoU line, near Arbroath, Scotland 

(Geol. Surv. Gt. Bnt.) 



,o. 168. - Koehe Percee, a aea-a.ack at end of Gaap4 Peninaola, Quebec 

(Geol. Surv., Canada) 
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11 nnH Other engineering structures, that, when the waves 

It is therefore very common to 
find a wave-cut arch piercing a 
narrow headland and, eventu¬ 
ally, the arch itself falls, leaving 
the outer buttress to stand as 
an isolated tower or “stack. 

On the coasts of Ireland and 
Scotland, such stacks are fre¬ 
quent, and two or three of 
them in line may remain to 
mark the retreat of the coast. 

Unless protected by a cap of 
harder rock, the tower-like 
stack weathers into a pjTamid 
and, at last, the combined at¬ 
tack of sea and atmosphere 
will remove all trace of it except 
an under-water reef. Aluch 
that seems to be the work of 
the sea is really due to the at¬ 
mosphere, which opierates to 

especial advantage because of 170. - Sea-stack undercut by 

the rapid removal of debris Scotia. (Geol. Surv-., 

and the constant renewal of Canada) 



bare surfaces of rock. . + + • „ „ 

The erosive work of the sea on a rocky coast results in cutUng a 
level platform a little below low-tide mark, which, however, is cut 
at a diminishing rate, because of the retarding action of the shaUow 
water upon the waves. Whether, with diastrophic movement 
eliminated, the sea could completely remove a large land area is 
a question differently answered by various authorities but is no 
likely to be of more than academic interest, because of the unlikeli¬ 
hood of a constant sea-level throughout such periods of time. It, 
on the other hand, the land is slowly subsiding, abrasion by the 
sea, keeping equal pace, cuts back a plain, to which there are no 





Fig. 171. — Recumbent s^mcline cut down by waves, near North Berwick, 

Scotiand. (Geol. Surv. Gt. Brit.) 



Fig. 172 


Spain, showing strike of dipping beds 
dip-slopes. (0. Jessen) 
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limits save those of the land itself. Such plaints of marine dennda- 

weTcoa:!. of Norv^y is bordered by an elevated wa^t 
platform some 25 miles in v>ndth ; on ‘he -lorth coast SPam , a 
similar plain, some 10 miles in width, and another 60 miles uicie 
on the east coast of India. A narrow platform of rock abo^ e .s - 
level is called a bench and they are numerous as raised beache 
Samples of recently elevated benches on the coasts of v.cotland 










Fig. 173 . —Plain of marine denudation cut across closely folded ercywackes 

and shales, St. Abb’s Head, Berwick, Scotland. (Geol. Surv. Gt. Bnt.; 


and Alaska are showm in the hgures. It is quite possible that 
many plains of ancient origin may have been formed by marine 
erosion, as was formerly believed to be true of all plains, but it is 

no longer possible to prove it. u• u 

There are countless well-authenticated examples of coasts which 

have been cut back and lands swallowed up by the .sea. Most of 

these are in Europe, especially on the shores of the North Sea 

and the Atlantic, and may be proved there because the continuous 

records and titles to property go back for nearly a thousand years, 

and the unresting waves are continuing their work of destruction 

today. British geologists have compiled a long list of such retreats 
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of the coast from which the rate per annum, or per decade, may be 
calculated. Lyell gave great attention to this matter and devoted 
to it a chapter of his Principles of Geology. One of the most 
striking cases he mentions is the harbor of She^gham, where m 
1829 the water was 20 feet deep along a line where le^ th^ fif y 
eai before (178D there had stood a cliff 50 feet m height All 
along the east and south coasts of England far^ and .nl^s 
have bTn washed away. On the coast of Yorkshire the rate of 
retreat is from 7 to 15 feet annually and m other places it j even 

higher. On the shores f of'the wa^. 

'"iLTand W^glast^, such as are compo^d of sand or, 1^ 
eomtonly, of 

less subject to waie , Xorth Sea coasts and islands 

destruction, as exemplified b> the Middle 

of Holland not successful means of pro- 

Ages and would hai e t 

tection been deiased Much ot a ^ ^ 

course of .Vmerican histoiy' ^ successful have 

entirely futile as a means ® jns” in England), which are 

been the “bulkheads ica , , d^g ^nd carried out at 

ll iTtol The* arr«t the loagshoK drift of the 

sand and cause it to accumvda , ^ ^^rad- 

we have that and s.ah, wMch 

ing effectiveness to the roc ^^oE are themselves 

thev use as implements. rpduced to fine powder 

abraded, worn true of the ocean which, 

along shore and telrs fram its shores and bed or is 

the rocky rh bv he acrion of frost. Sea cliffs have'no 

dropped upon the ^^ffs on land, because even large 

heaps of talus at their fw- , removed by the surf. 

rock-slides are boulders and these worn down mto 

rS-t ^::r» the coW .ce.ahd deep -ate.. 
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generated in the water. . , -rr T TTenwood visited the mines 
In 1831, an English geologist, W. J. Henw^d ^ 

a- XH— 

rm At the extremity of the level seaward, some eigh y or 

wmmmi 

Til most appaLg form too ^i^hdly before me ever to be for¬ 
gotten. More than once, doubting the protection of our rocky 

shield we retreated in affright." 

Professor N S. Shaler made a study of the rate of w^r of ^ 
,J^e„rwheo e:^d to the action of the surf on Cape Ann on 

the \lassachvisetts coast. * • *. 

“The wearing action even on the larger pebbles is evident from 

observations which can readily be made on the masses of nprap 
used for the defenses of the moles which mclose the smaU artificial 
harbors . . Although originally of very angular for^ such 
as plentifuUy occur in the quarries, an exposure to the^ beatmg 
of the waves sei^^es even in a single year to bring about a con¬ 
siderable rounding of the mass. In ten years t^y 
wear away to the rolled form so familiar m our beach pebbles. 

Under favorable circumstances, it is evident that the wear upon 
the pebbles amounts on the average to several inches per annum. 

The beach, which is partly subaerial, partly marine, ^ the band, 
or zone, between the extreme low-water mark and the h^ne attamed 
by storm waves. Twice a day the lower part of the beach is 
covered by the flood-tide and twice a day is laid bare by the ebb, 
and all of it is exposed to the pounding of the surf. The undertow 
and backwash of the waves carry away the fine matenal as fast 
as abrasion generates it, leaving the coarser matenal behind to 
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form the beach, which, for the most part, is made of sand. Gravel 
and shingle and coarse sand are found on the beaches of open 
coasts, fuUy exposed to the sea, and these, where gravel is avaU- 
able, are bounded by a beach wall, budt up by storm waves and 
above the reach of ordinary surf. Such a beach wall is the twenty- 
foot ridge of cobblestones near Rye, New Hampshire, figured by 
Professor D. W. Johnson. The boulder-strewn beach at Wing 
Neck, Massachusetts, in the sheltered waters of Buzzards Bay, 
Fig. 176, owes its large and small boulders and coarse pebbles 
only indirectly to wave action, for these are aU derived from the 
glacial drift, and the weak surf has been unable to move them. 

2. Depth of Wave Action. From the geological point of view 
this is a very important question. It is known that the efficiency 
of waves rapidly diminishes as the depth of water increases, but 
different obser\’ers do not agree as to the depth at which the action 
entirely ceases, though the discrepancy is not great. ^lost wnters 
give 600 to 650 feet as the limit, and at that depth only the finest 
particles are moved by storm waves. In the Indian Ocean, Sian 
detected wave-formed ripple marks at 617 feet. Those figures 
seem to indicate that wave action does not extend outward m any 
significant way beyond the margin of the f “Omental platform 
3 Tidal Currents are set up between islands and the mainland, 

because of mequaU.y of level. In New 7“^^^ 

the flood tide, coming from the east, enters Long Island Sound 

and reaches Hell Gate, the is 

comes into the Bay by way of Sandy Hook. We the tide 

ma^ng water in the Sound is higher than in the Bay, and powe^ 
In the opposite direction. Very strong 

British Channel, because of the manner m w * V»t hp 

A Britain Countless other instances mig 

around ^ou ^ 

” rouble rirflotdng in one direction while th^tide^ 

,fhavl Vdocitles of two to eleven miles an hour, their great 
« rsoouring agents is made plain an^hey may eacavate 

4. Ocean Currents, which earth’s rotation, 

culation are hy P^jt^win^^ themselves. The Uw is 
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that in the northern hemisphere a body moving in “y 
is deflected to the right and in the southern hemisphere to the 
left. This applies to railroad trains and the flow of nvers as 
as to winds and currents. Ocean currents, of which the Gu 
Stream is a very well-known example, are too far away from land 

to affect the shore, but they may scour the sea floor do^ 
depths. The Gulf Stream, flowing out through the Florida 

Straits, scours the bottom so that no sediment can lie there. 
The Meteor’s soundings showed a scouring action of oceanic cur¬ 
rents in depths of 2,000 fathoms or more, when the current was 
narrowed between islands, and in such places the sea bottom was 
of bare rock. On the whole, however, the erosive action of ocean 

currents is of very slight importance. 


B. Marine Transportation 


Transportation in the sea is almost entirely the work of waves 
and tidal currents, for the waves set up currents of intermittent 
action and in various directions, offshore in the undertow, onshore 
in the breakers, and alongshore when the waves strike the coast 
obhquely. The breakers bring wreckage ashore from considerable 
depths and distances ; pigs of lead, for instance, have been brought 
up from sunken ships and thrown on the beach. Wave currents 
are chiefly responsible for the southward drift of sand along the 
Atlantic coast of the United States, the southwesterly trend of 
which makes the waves strike it obliquely and fall off to the south. 
All along the east coast of Florida the beaches are of siliceous 
sand, which could not have been derived from the pieninsula, as 
that is made up of limestone. The sand has been brought down 
from the north by “beach drift.” The finer particles of mud and 
silt and quartz sand are spread all over the continenal shelf and 

slope by the action of waves and tides. 

A new factor in sea transportation has lately been discovered. 


n fact, that it is not yet possible to say how important 
pread it may be, and that is a clear jeUy, apparently 
origin, on the sea bed in shallow water. First observed 
! C. G. J. Petersen in Danish waters, it has been observed 
st of Massachusetts by Professors Raymond and Stetson, 
es from the shore to ten miles out were run, taking bottom 
rerv mile, and the iellv was found at every station, and, 
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after gales, it is brought to the surface, bringing so much sediment 
^ith it as to make the water turbid. “The mam signifi^ce of 
this material lies in its obvious importance as an a^nt m tte 
transportation of sand grains. Samples of the material dried 
and weighed after the combustion shows that about So per cen 
by weight consists of grains of various sizes from fine ^^nd to s^ 

irking L sii of any strong currents near^ the sea bottom. 

matenal in the bays ‘tl^'SriSonlbet; 

bottom, its importance can hardly be exaggerated. 
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ore significant 


No process now in operation has a wider and i 

or M the'aLTb^wth iomr the con¬ 
sent :^r:,ri;.e':Ja. isunds very ntuch 

■ rvwirrin THp kcv to tfic Understanding ot tnese anuic 

Err==■ r™ 

rock and the names of rocks were given to periods of tune. ^ 

CoSl^Ie^s, the Chalk, the Old Red Sandstone, not as rock 
names merely, but also as expressions for particular ages of ^o- 

hS long been abandoned, for sedimentary rocks of 

been forming from the beginning of the earth’s recorded history 

and continue to be formed today. 

All kinds of sedimentary accumulations are fonmng * 

neously on the sea bottom, various factors determ^g what land 
of material shaU be laid down over a given area. Of th^ factors 
the most important is depth of water, but nearness or distant^ of 
land, presence or absence of river mouths along the coast, nature 
of the shore, whether high and bold, or low and flat, and char¬ 
acter of the coastal rocks and climate, are all variables which enter 
into the result. Large, landlocked seas, Uke the Mediterranean, 
the Caribbean, and the Gulf of Mexico, though they have oceanic 
depths, have deposits more or less different from those of the open 
ocean, a difference which is largely owing to the absence or msig- 
nificance of a tide and the reduced force of the waves. Shallow, 
marginal seas, which are within the limits of the continental plat¬ 
form, such as the European North Sea and Hudson Bay, present 
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mother of conditions and correspondingly modified deposnts. 
The Baltic and the Black eeae, though ealt have uater ah.ch w 
tolotv the normal salinity ol the ocean, and thnr depcisits each m 
,15 own way. are diderent iToiii the other bodies ol sail water 

which arc not lake?. , , . + • 

Drch of these various types of sea has had us counterpart in 

the ancient historv of the continents. Especially important wem 
ite'pmoGt-u.oror cp.nc seas, which from time to timc^suD 

mereid mo^t of the continents, s,ve Africa and probabl> mai.h 



^ -1 Tp. IfvT I’.'rin.Wir.Sit.dmd. Gel. Surv, Gi. Bnt. 

Fig- I*. * 

I rvli-tle of anv continent was submerged 
America. Not that the i _ . .another, was invaded 

Pi one time. Init now one region o deposits 

by shadlow sea<, iri' ;^pi„n peculiar aggrega- 

now forming m tlie Blac - - piuuration of many 

litin- in central New Aork. .in . .tudving existing 

that might ,.s given in -'’f'"'' Ihc pirsi. 

..a, TO decipher iho rccor. n • . viirious governments, 

Mi-mv "r"' ;T;„' rnmiis from iho,.sands of 

;;„ion. for sounding i'"''*'''™', reiinierr. though 

Of .hose ihe voviige of ' GB"!;-';?, 1 pe .oos, comprehensive 

"!d;::C;::„rr:;i";h;«.;.ormkeru,ses, The recent voyage 


1 1 r>*s 
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of the Gennan Meteor “hod bounding employed 

of the South Atlantic, observations 

enables the navigator to mul py 

indefinitely. on the bottom samples collected 


ttoral Deposits, 
tween high- and low- 

water 



tioal Water Deposits 
between low-water 
mark and 100-fathom 
line. 


Marixe Deposits 

Gravel, Sand, Mud, 
etc. 

Gravel, Sand, Mud, 
Calcareous Accu¬ 
mulations. 


errigenous Deposits, 

material directly de¬ 
rived from the land 
in suspension, or 
solution. 


3. Deep^ Deposits 


Calcareous Mud 
Volcanic Mud 
GreenMud and Sand 
Blue Mud 
Red Mud 

Calcareous Deposits 
Foraminiferal Ooae 
pteropod Oose 
Diatom Oose 
XUdiolarian Oosc 
Oceanic Red Clay 


n. 


Pelapc DepositB, laid 
down on ocean floor, 
material remotely 
derived from land. 


The sedimeBte broeght ,^eeEa ^ 

= St r ^wer 01 i. w.r — 

oi^or a few hours, according to the state of tte ^ide, 
materials are thrown down on finer and nee versa. Manne deposits 
are thus typicaUy stratified, though when deposition continues 
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one and uninterruptedly, great quantities of sediment not 
Db^iouslv divided into layers, may be accumulated, such as 
’ertain massive sandstones and limestones, but this is exceptional 
in tho^e areas of the sea bottom on which deposition is most rapid. 

1. Littoral Deposits are laid doon on the beach between low- 
and high-water marks and, by heavy storms and exceptional tides 
somewhat above the latter. The beach wall or ridge oi pebble, 
or cobblestones has already been mentioned m another connec- 
In as the construction of storm waves. Littoral accumnlalions 



Fig. 175. 


Banff. Scotland, deflection of river by storm-beach 
(Geol. Surv. Gt. Bnt. 


gcade into continental deposits ^‘^d “l,‘“rettera:^ 

deposits on the other an , 

flooded by the tide in accordance with 

day. The material of boulders and shingle 

the character of the coa^ . - beach, though more or less 

and coarse gravel lorm mo^ beaches, where the backwash 

“rll^^errc^ATotnand': w-h -- 

v,-i4o.nread of all Uttoral deposits. 
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Boulders and shingle m^ay be the greater hard- 

^ they are worn down by e-tmu d atmuo^.^ 

ness of quarts f “^ter minerals are ground into fine 

:X.ed%:ams‘7‘.h;t^:w‘Lgne,ite. as tn’the goid-l.aring 



Fig. 176. 


^ch a. Wing N~k. -'b 5 '“'“' "' 

the drift. 


shehered Trom waves and currents, but the matenal ts prepon- 
'*Tt'anj 'time, the littoral is a narrow belt, fringing all 

62,000 square miles, but its breadth at any partmular depen^ 

upon the height of the tide and the slope of the bottom. On a ry 
gentlv sloping bottom the ebb tide may expose a beach two or three 
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miles in wiihh. Lii t.Aml depn-^it-^ may be cre:itly extendpcl in area, 
or increa-^ed in thickne-^ by diastrophic movcinenT- of the coast. 
On a stationary shore, or one where accuinulanon is more rapid 
than a movement of depression, linora.l depr,sit. may form a 
broad area by build,ntr om the land a, the r^xpeu-e o, the sea. 
When subsidence and upbuilding £o on a, eiiual rates, p,.ai thick¬ 
nesses of littoral deposits may result. Still another mtmner ra 
extendinct the coarse beach deposits i- by subsidence o, the land, 
m conseriuence of which the soa subm-i-.s the latidand^^.s 



Fl'C .. * ■ ■ . , 1 

, 1 . - ;t -iflvonoO'. frecjuf'^itly 

w'"' ir cide .d'sedinilntaMon be.in'in dns fa-hion that Cisd 

^ 'r;;;^'tnatemL’r;om[ deposits 

Aside irmn the coarM ' _ ,,f their exceptional 

ap- ;o retain p, waves washing up on 

TiK^ilr cl “riiiin. - r^rr-nrvp(l bv tho (loposition of 

iTcncT! 'ich .ro .».* 

m .'Ir. e' .rui <.l K U .1/--1S -Vhich are 

only on lie- bead,. 1 h . .u • „de. 


. 1 3 i •i.i,- MtttiT St. Michrl, Fr;ince. 

RIt'pI'- n-uirKt-a I' - i ^ 

* ♦ • - . i. 
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„,ud fla,. dry o,„ in ,ho .un :Xrr a;: int^ 

form on a much larger ^cale in lu- proscrved 

mud left by disappearing ^ j jj onlv marine <lci>odts in 

than those which form in hy tla- wind, 

which they are possible h>PI - b<..iches or ,-tu,w drifts, 

either directly, as in sand ihmes,d^ .a ^ ^ 

or indirectly by first producing a npphng moM t ^ 



Fig. 178. — Ripple-marked sancLstone. 


and that causes ripples in the sediment 1 he mark> ari i 
more common in sand, but may also be found in otla r k . ■ 
material, and they are by no means confined to the liitoral zone 
for they occur in shallow water down to depths of KMMathoms and 
more Ripple marks occur in rocks of all geological peraids and 
in all sorts of sedimentary rocks except conglomeratic, most 

frequently in sandstone??. 

Kain Prints are little, pit-like depressions mad.' by light showers ; 
they haye eyen rims when the drops fall yertically, ami haye one 
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^ introduction 


when the ram laus uuuhl.'-v -- v u • 

Srr dV — .0 sun and it 

r ;v&w «d .-«x:',£r- 

;lr"".h marJe fo..Ua, they P™ve the Uttoral 

origin of the rocks slight and evanescent marks 

It might seem mcredib raindrops, or the foot- 

as those made by nils an "PP ^ ^ ^ "j ages in the solid rocks, 

often. Surfaces -“eh 'rem 17^0?* its marks teas 

were those of accum^atio , deposited upon it. 

:r4runirsX“of abo. .ars casts of the 

impressions in rehef. ^ ^ ^^e httoral zone, 

CUmatic htfluen^ am ,, *e nature of the 

the character of which is chi > attorn. Only in verj^ high 

adjoining land and ®loi^ ^ deposits by the 

latitudes is a apaaial charac 'r ^^d boulder 

acti^'itv of frost and coast ice, whicn 

beaches more common The material of 

2. Shoal-Water low-water mark to distances 

which var^' according to Chile, where no 

arid regions, such as tho the httoral and shallow- 

rivers enter the sea an the shore, the 

water zones is supphed b -ts is quite regular, and grave 

arrangement of coarse and fine de^- land. Waves and 

beds may extend out as muc a» ^ 

currents carr>- sed^ent by building bar- 

riere and spits across the 

nile up above high-water mar , ^ ^bore of Long 

the united Statee, «pe on tb^^^^ , 1 . 
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barrie,. ^ose sUUow convert- 

bring sediment, mostly ry . into land. 

ing them into salt marshes an characteristic material of the 
Much the most abundant and ^ametens^ ^ 

shoal-water zone is „[ the continental shelf, be- 

bottom and extends out to P Mnssa- 

coming finer with increa.sing fathoms depth, 

chusetts coast the mud zone bep 

Near shore, gravel may accumula , ^^^ion 

and flat, for then there is no sour shallow-water zone, 

affects the bottom throughout gheltered spots, or in deep 

but very feebly in the deeper parts. In ^hehe 

depressions of the suppUes large quantities 

mud is thrown down. hoor, as it 

an important erosive effect, but also 

deposition. I. the Enghsh that the 

force, especially eastward, a ^ he moved lie 

bare rock is exposed and g a currents 

carry along enters the North Sea “““ “Xin the L. 

coast of Holland, and in pa stratification 

Jr^'-Sdrstid^: cu£or ^ *ch 

at considerable angles to the “““Xif “d sidi o ^ch “rnd, 

due to the heaping of ridges, - ‘Xf whteh ftequently make up 

taddmroccutet sS wa<“ »' ‘‘j; ““^Xnrby “entente. 

sr r ^fters^;«" 

duenUn sandstones. Ripple marks ate also veiy frequent 
k)w water deposits, especiaUy in sandstones, but not infrequent 

shales and limestones. 
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sediment, and long periods of calm, effective 

toe material nnusnally nea and a lake, and as the 

barrier between two seas, o the other, mter- 

barrier is moved first m one Several such instances are 

digitation of the strata must result, bevera 

known among ancient rocks. freouent in shallow water 

b. Organic Deposits are much f favorable con- 

than the terrigenous and mec amca , favorable 

ditions, they may be ““^atunaL ““ 

conditions, the most importan ^otmals and plants which 

next to that warmth of water, . tropical and sub- 

ri* to organic “ Catml de As are made 

tropical seas and in shallow water but on no such 

even in the far '";cl derives from the 

scale as in the low latitude. abundant are 

land substances m solutio , marine animals 

rAarf^::? -r iurr. 

^“mS 

important parts m a Molluscs and the calcareous 

L—:;r - - e‘ t 

riTafe wA, contrite 

Lt"^tr^Xient ^f^dity to add largely to 

iTd'e^Srforming marine deposits is 

°1 "'ItoA ThAdinary shellfish, or molluscs, supply a very 
Jge“ot calcareous material for the fotmation sho^- 
wafer limestones, especially near the coasts and m warm, tern- 
nerate and even Arctic seas. Dead shells accumulate in great 
Silks’freauently though not always, mingled with more or less 
sand or mud. When the shell banks are below the limit of violent 
wave action, the shells remain entire, embedded in finer material 
which may or may not be calcareous. In shallower water the 
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avlN -re pouna<-a to ir:-nicnt< by the ~urf, inakiDg a ^heU ^and 

mud, Ivluch are du-u oein.nu-a into inur. or 1-'' 

In the fonnanon oi -i.oo ^ ,, ,,, 

Ul.lN w-il •**-1 • ^ ^ _ . ,‘r\^ V t^‘\\ ('•'’• Vr>\ \\\^ ^‘*V'^ \ . 
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A\Ai tT'aiks. 

niadf' :^iV'U 


1 ■[•■%- i:>fii '‘ 1 ' 


-n Ni'i’^ui'-ir calc'.'irc'Mis 
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This decline in 


it possessed in reduction in the variety and 

ntimbers of the crmoids, ,te\ncient limestones are com- 

present, do not form then^a« s <h ^^ 

snLa^ri'nel:^""^-^^ 



Fig. ISl. 


Ancient sheU-limestone i Ordovician . 



by the accumulated Foraminifera. 

corah, echinoderm^. moUus ., found in the Gulf of Mexico and 

the Yucatan Bank, and the ,,d luxuriance of 

almost to Jamaica. On t e:^ ^ rn\Tiad' of animals flourishing 

moUuscs, and calcareous wo^ are c»l-“U,^d. 

calcareous /“f ““feemented into hard rock by the 

the accumulated ma:rit i& rapiai> ctrin 
solurion and redeposition of calcium carbonate. 
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An exampl© of a limestons bank in moderately deep water is the 
PonrtaRs Plateau, Tvhich extends southward from the Florida 
Keys in depths of 90 to 350 fathoms. “ The bottom is rocky, 
rather rough, and consists of a recent limestone, continually, though 
slowlv, increasing from the accumulation of the calcareous debris 
of the numerous small corals, echinoderms, and molluscs living on 
its surface. These debris are consohdated by tubes of Serpul®, 
the interstices are filled by Foraminifera and further smoothed 
over by nuUipores. ... The region of this recent limestone 
ceases at a depth varying from 250 to 350 fathoms. (A. Agassiz.) 
It is not known how thick these modern limestones are, but an indi¬ 
cation is given by the raised terrace of limestone in northern Yuca¬ 
tan which is built of the remains of the same species of animals as 
those which now hve in the adjoining sea. Caverns in this rock 
descend to depths of more than 400 feet, without reaching the bot¬ 


tom of the Umestone. , r xu 

The shaUow sea around Florida is an instructive example^of the 

various kinds of deposits which may form at the same deptl^, 
nearlv the same climate, and with ver>' similar topography of the 
adjoining lands. On the Atlantic side, the beaches and sea bot¬ 
tom are covered ^dth quartz sand, brought down from the north 
bv wave drift. On the Gulf side, the northern portion is fnnged 
Mdth mud, carried in by the many streams which cross the coastal 
plain ; the southern portion of the sea bottom is a limestone are^ 

4 Corals. The animals of this somewhat vaf 
.eneous group are extremely varied in form and habit of growth 
Ld by no means all of them are important as toestone make^ 
The Shtary corals, which are ver>^ widely distnbuted, even m t^ 
deep sea are never sufficiently abundant at any one spot to form 
demons ’of themselves. The corals which do accumulate in ^^t 

form compound colonies of hundreds and thousands of 

corals are immovably fixed to the sea bottom, but “ y 
Tn to them all. In this compound mass is secreted an mtemal 
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skeleton of calcium PolyPS- 

The great variety of ^ and by the re ative 

mined by the manner of bud g 

S-:^.h:—es, sor-i™ p,a.es, while o.he. 

rrhave 

«?“^^:liri:L\rat:nTe:nno. hve at .eea.ot depths 



TcfX' oi rs aj 

than twenty fathoms, nor can they J^ow 68° F. and 

minimum average temperature or an , . water must 

warmer water is necessary if they are to thr . 

L cTear and of normal salinity and hence they 

one or other of the necessary conditions is lacking. 

The coral poljTS do not build the reef, t ^ 

material for it. The work of piling up the reef is done by the wave. 

The coral colonies are scattered over the sea bottom much as veg. 
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tation is on land, The waves, especiaUy in 

storms, break up the colomes, fragments of all 

n.any other marine animals and ^d them to ^ 

sizes, just as does the surf on ^ave action, boulders, 

shingle, pebbles, ^ u on coral assist in the grinding 

;-eess!rh7y=^^^ 

deal o, .he es.ca.-ue -tn^uted^by the e^Us 

and tests of '*‘^ 'rtant contributors, while the 

Alga!, the .Ynlhporcs, are ^ „ea makes up half 

r “rial r«— g-und by the wa«s, 

tnt,edt-1it a“d brought - -Jn 

After a gale along the Florida reefs, as ■”“* j,, a,col. 

may he deposited between ti u®’ ^ (c, dissolves 

ored and the dftris into 

ml^wStay^-me very hard, especiaUy if exposed to the air 

“*£ve*r!a'varie.ies of coral rock are formed, which correspond in 

evStU hut materia, to a"^ .o“nt 

“Triel “fhUe^T^rdl^ii L" ^ iu soUd masses, 
tok of this kind has many and deep holes penetrating it, where 
the colonies are not in contact and the fine matenal has faded 
ricf Coral conglomerate, or breccia, is a mass of cemented 
coral pebbles or angular pieces. Reef rock is the dense and ^lid 
^ farmed by the cementing of the fine debris which accumulates 

in quieter or deeper water. Even under the microscope, ^f rock 
often shows no trace of organic structure, a proof that ^ 

stone On the beach is formed a cunous rock, caUed oolite (i.e 
egg-rock) from its resemblance in appearance to feh r^^ ^ 
is formed by the deposition of concentric shells of CaCOs fnim 
solution around a minute sand grain or other nucleus. Thus little 
spherules are generated and cemented together into a sobd rock. 
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The upward gro.*th of 

little above low-water mar e<tabli.-h a l^each of calcare- 

S. “ « "fv - “r Ir- 

er.he'pla.form m either an ex.en.on of 

the shore or a new inland, UKe __ 



Coral reef^ are classed according to their relation to the shore 

and a”';nt:e kinds: a) FHngin, r^fs 'ho. atuehed d,- 

rectlv to the land, though the part above ^ater ma> ^ ^ * 

distance from the shore and separated from it by shallow v.ate 

tith coral bottom. The width of a fringing reef is ^ 

the =lope of the sea bottom, being narrower on a steep grade, r ^ 
on a gentle one. (2) Barrier reefs are farther out from the shore 
which they follow in a roughly parallel course and from ^^hlch 
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they are separated by a broad and often deep channel. The dis¬ 
tinction between the two kinds of reefs is not at all a radical one, 
for the same reef may be fringing in one part of its course and a 
barrier in other parts. Some of the existing reefs are on a very 
large scale. A barrier reef runs paraUel to the north shore of Cuba 
for nearly its whole length. That of New Caledonia in the Indian 
Ocean is 400 miles long. The largest known example is the Great 
Barrier Reef, which extends, with some interruptions, for more 
than 1 200 miles along the northeastern coast of Australia, from 
which it is separated by 20 to 80 miles. The breadth varies fmm 
10 to 90 miles, though it is mostly a submarine platform, and but 
Uttle of the reef rises above the surface of the sea; the sea face 
rises in some places, more than 1,800 feet above the bottom of the 


,3) AtoUs are coral Lslands of more or less circular shape, often 
remarkablv regular, and usuaUy inclosing a central lagoon, which 
i. almost alwavs connected with the sea by one or more openings 
in the reef. Atolls, of which there are great numters m the arc^- 
nelagoes of the South Pacific, frequently rise abrupRy from the 
rindest depths of the sea and, in view of the very Med d^h 
at which reef corals can live, the manner in which atolls have been 

a subject of much debate. There is every reason to 

Sve that the deep sea atolls are built up from extinct vo came 

Vhich have beea truncated by the waves, 
nlatforms would be within the Umits of coral grovrth. A reef tha 

growth. It IS not necessa ., 

were ntade in Ais mar^'. f“ „rtoestone; otherr. 

reef resting on a pla o stationary foundation. 

1 K,„ those which rise from the deep sea have very steep to. 

alopes, but geologically ancient reefs, when embedded 

as much as do , ana tnu ^ s lenticular areas or 

oTC;:r - 

obscure or wanting, "'"nafuti in the Elli« 
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The 


the South Pa* have « ‘o -uu* ouly 

bortug penetrated ^','j‘tutrdina.e in ita make up. 

Professor J. S. Gardiner elements 

are calcareous Alg*, and then Fora^ndera, c^ ^ 

the third place. Another bonng 

ship into the bottom of the lago . ^ calcareous 

At the bottom is a layer, mor^han Poraminifera. 

Down to 245 feet wratoj-dtyTucLn.eriug masaes 

rud at that depth the »»"”6 J ,„eh a depth Is evi- 
of typical reef corals, and their presence a 

dence of sinking. which secrete the calcium 

Nearly all of mt oflL magnesia, and 

carbonate in the form of calci tcmnerature of the water, 

the proportion of this rises vn p^centage of magnesia 

Among echinodenns, for ms , those 

rises from 6 per cent in col ^ ^ ^gst, is of aragonite, 

which Hve in warm water. as accu- 

there is practicaUy no magnes . accumula- 

mulated by the kinds of animaE which make sucn a 

i musf contain considerable d->auti.ies of m Tbs > 

up from the Funafuti reef. From the ff 1 
magnesia content cent at 600 feet! 

tVtrhrnerdO tS « IdeSy rose to?6 ,.r cent and in- 
creased to 41 per cent at the bottom. Dolomitization ^as lJ^° 
repeatedly observed in connection with coral reefs an is a n u 
ToCacLn of magnesium chloride from sea water concentrated 

many reefs, perhaps in all, calcareous Alg® contribute 
more material than do the coraE, it is nevertheless true that in 
order to have a reef, the conditions of depth' nnd temperature mus^ 

are essential, but coraE are dominant below four to six fathoms. 
Even in the tropics, the west coasts of Africa and South Amen^ 
have no reefs, because the cold currents coming from the Antarctic 
Sea lower the temperature too far for coral growth. The reefs o 
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Bermuda, which are built upon the foundation of a truncated vol¬ 
canic cone, as has been proved by borings, contain hardly any true 
corals. Various hme-secreting animals and calcareous Algae con¬ 
tribute to the formation of the reefs, which are principally com¬ 
posed of the tubes of marine worms belonging to the genus Serpula. 

c. Chemical Deposits. It is not known how large a role is 
played by chemical precipitation in the sea, but probably it is not 
great. Rivers which bring in large quantities of CaCOi m solu¬ 
tion may so overcharge the sea with this substance, for salt water 
will dissolve but little of it, that more or less is deposited m the 
neighborhood of land, binding the sand into rock. This occurs at 
the mouth of the Rhone in the ^lediterranean and on the coast of 
Asia Minor, where large areas of modem sandstone and conglom¬ 
erate have been formed in this manner. On the coast of Brazil 
are some remarkable sandstone reefs of recent date ; from a dis¬ 
tance the reef at Pernambuco (more properly Recife) looks just 
like an artificial waU and acts as a breakwater to protect t^ inner 
Lbor. These reefs are cemented by the solution and redeposi- 
rion of the calcium carbonate of shells iu the sand; below a depth 

of 10 feet, the consoUdated reefs rest upon loose sand. 

^fessor J. E. Marr, of Cambridge, points out the resemblance 

of marine deposits in their mode of arrangement to tfiose o a 
•<r«ntic lake except of course, those made m the abysses of the 
d^p «ea The Mttoral and shoal-water deposits he groups tm 

tXia. “.he W. 

to tht'cOT belt is frequently mtcrrapted by areas of mud 

r^“of —s —,,,due . 

its indent and States, south of Maine. 
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„„,er a=d umer mud Uues, the bou^riee 

rjoZ 

to the outer, or deep-sea, side o *, * ™ Reuard the 

de^p — 

usuaUy at the 100 -fathom hue bu, by “ ^ ,i>,t 

,ot 

o-’f f^r;a”f ?he‘—ifS: 

deposit of the continental slope s Jb 

igiEiS=i= 

rather one of the size of grain than of composition, b'^t there is 
also an admixture of pulverized minerals softer than q , 
soars augite, hornblende, mica, and very often some clay. In 
attempt^ t; classify the muds, we find two that are distinctly 
different in appearance and composition: calcareous mud and 
volcanic mud. The others are distinguished by color, a s^ming y 
triidal character and yet significant. Most of the 
from the land, and therefore caUed terrigenous, is 

and subside in deeper and quieter water. A considerable quanti y 
of the finest sediment long remains suspended in sea-water, espec- 
aUy in the cold polar seas, but the particles are too sparse to give 

the least appearance of turbidity. 

1 Blue Mud. The materials of this deposit are mostly, but not 

exclusively derived from the land. Calcium carbonate is almost 

always present, 7 per cent on the average, but it may be^ much^as 

25 per cent; it is mostly supplied by the microscopic shells of h o- 

raminifera. Siliceous organisms are present also to the amount of 

3 per cent and are principally the tests of diatoms and radiolana^ 

and the spicules of siliceous sponges. Glauconite is found in nearly 

all the samples, but in small quantity. The blue color of the mud 

is due to sulphide of iron and the organic matter which prevents 
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.be oridation of the sulphide, which otherwise would turu .o U™. 

nite, the hydrated feme oxide. ^privation blue mud has 

Of all deep-sea deposits of estimated at 14,500,000 

.be wfd^«“ :rr.strl.ively uarrow 

of 1. is known ,o occur a. such great 
'*T*Re<i Mud is found chiefly on the Atlautic coast of B“il and 

tigated in tropical seas, probably much more of it vinU fou . 

In red mud Foraminifera are abundant, Radiolana very scanty. 

3 G“en Mud is much the same in character as the blue mud, 

but contains a larger proportion of glaucomte 

4 Green Sand is granular, being made up of glaucomte gr . 

and internal casts of the shells of Foraminifera. ^he gi^n sanj 
are found in shaUower water than the mud and a deposit now 
forming off the coast of Georgia and the Carohnas is within the 
100-fathom line. Murray’s estimate for the area of the gi^en mu^ 
and sands was 1,000,000 square miles, but smee then the MeJeor has 
discovered new areas off the coasts of Africa and South .America 
in depths of 50 to more than 1,000 fathoms. At certain periods 
in the earth’s history, green sands were much more widely sprea 

than at present. , u • u 

6. Calcareme Mud is derived chiefly from coral reefs, from w^ch 

the finest debris is washed down the steep slopes to depths of all 

degrees. These muds represent the ground-up shells and tests of 

all the many kinds of lime-making organisms that abound on and 

near coral reefs. Such muds are local and are not carried far from 

the source of supply. . . , j 

6. Volcanic Mud. In the waters around volcamc islands are 

deposits of fine mud derived from the attrition of volcanic rocks. 
As many such islands rise from the profoundest depths, their sub¬ 
marine slopes are very steep and the muds produced in t’’“ 
zone of surf are easily carried down to great depths. 


Mingled 
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with the mud are considerable quantities of clay derived from the 
decomposition of volcanic minerals and of the calcareous material 

Deposits. The material of the deposits made in 

the oceanic abyss Ls for the most part, derived only indtrectly and 
remotely from the land. Part of it is volcamc debns m an 

advanced state of decomposition, the rem^der consiMs of mat^ 
rial brought into the sea in solution and is extracted the 

water by animals and plants. Terrigenous material o her than 

volcanic! plavs but a small part in abys.^ deposits, but it is not 

S carries such quantities of sand from the Sahara mto the ^a 
that a ‘^ndy area has been formed on the oceau floor. Here, 
however the continental shelf is very narrow and deep water is 

“ deep sea of the ScuA Atlantic and dis- 

pa'rtTcll of this sediment and the topographic reUef of the ocean 

*Thriitagirde^s''Mcumu!ate at an inconceivably slow rate, 

especiaUj m the case microscope, are 

madrup'of Ae *0113 and tesis, in more or less whole and 
^h “^ condition, of animals and Two oHhe*>^ 

-rimlriSto- “=rar:—c plams, 
the other groups am a™aK ^ ,p,.ts of 

.lly a'nicr —‘ and p^tme o«^ 

Protozoa. Despite „{ secreting exquisitely 

beautiful shells of calcium formation 

form. The species infinite multitudes at the surface 

of the ooze are abundant pnus is 

Giohigen-nn, from which the as, a2d they fol- 

low the warm currents into A^^e g dead shells, 

short-hved and multiply ^ ^ d “like a continual snow 

falling to the bottom m aU depths ana 
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storm/’ are found m an aor.. “T^e material of coral reefs, and 
extensively, as has been s o^ , Xear shore, 

prepo— 

Suo“pl^f-drurof ^hese sheik, 1. “ 

d"^', ruuses°n,o,e o. 



Globigerina ooze, X 20. (-Agassiz, after Murray and Renard) 


Fig. 187. - _ 

les^ to these oozes, which are purest and most typical in medium 
depths of sea, far from any land, where they are white in color and 
may have a percentage of CaCO. as high as 90 per cent. Nearer 

land, the slight admixture of terrigenous minerals ^%e » « 

grav, pink, brown, or other color to the ooze. Below the depth 
of 2,500. fathoms the proportion of CaCOa is much diminished, 
because of the solvent action of the carbon dioxide which increases 
in quantity with the depth of water. The delicate shells are 

attacked and dissolved, and below 2,900 fathoms they disappear. 

The foraminiferal oozes, it is estimated, cover rather more than 
49,500,000 square miles of the deepi-sea bottom and are especiall> 
developed in the Atlantic, though they are largely present in all 
seas except the polar ones; their range in depth is from 400 to 

2,900 fathoms. 

2. Pteropod Ooze. The two molluscan groups known as ptero- 
pods and heteropods abound at the surface of tropical and sub- 


\\ '1TI''N T'' 
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, , N- w>ipn 20 oer cent or more oi a 

character to the deposit. radiolarian ooze, 

^mple consists ot ladtolamn ,1,^ deposit, 

though clay and volcanic mmera Pacific and Indian 

t4 ooze has, as yet, been found only m 

oceans, and is entirely a sen Barbados. In the 

found as a of CeLal America westward for 

Pacific it extends from the «rpn is in the southern Indian 

150" ot lon^tude estimated area covered by 

°1iir o:r . 2 SS 0 square miles, ran^n. in depth from 

rerty »« unquestioned dee,«ea deposits in any 
pa^rLS — interest —^ 

radiolarian oose .IL t Bar- 

presence ot the ooze Sea, to the 

*^t°a *°t rf^Nen'cmnea is ringed with islands having a radiola- 
r.:e^n^Mafer:?; : an? reek. Radiolarian cherts occur 
in the Alps, but geologists diger eoncermng there mode of origin 

and as to whether they are deep-sea deposits. 

4 . Diatom Ooze. The microscopic unicellular “ 

diatoms thrive in fresh, brackish, and salt water. Their beaut if u y 

sculptured cases, or frustules, of transparent fiint are found in many 
marine deposits, but in small quantities. On the floor of the Ant¬ 
arctic Sea is an immense belt of diatom ooze which encircles the 
globe and has an area estimated at nearly 11,000,(^ square miles^ 
Beside the Antarctic area there is a narrow band that encircles t 
North Pacific from Japan to Kamchatka, the Aleutian Islands, 
Alaska, and British Columbia. In addition. smaU scattered areas 
have been unexpectedly found in the western Pacific between 

Guam and the Philippines. , , , , ^ 

5. Oceanic Red Clay. Excepting only the depths where radio- 

larian ooze is found, the profoundest abysses of the oceans, far from 
any land, are floored with a deposit of red clay, which, though vary¬ 
ing much in composition and appearance, is yet of quite uniform 
character. At these great depths, the foraminiferal shells have 
almost aU been dissolved by the carbonated sea water, but about 
6 per cent of calcium carbonate remains in the clay, diminishing in 
quantity with increase of depth. In the less profound abysses 
the red clay grades into foraminiferal ooze, the number of shells 
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increasiTie until the ooze-like character is attained. RadiobjiaL 
is pLipaUy composed of the red clay in wMch at least 20 ^r 
ZZ of sihctmus organisms are accumulated to some areas the 
cLy U not red, but made chocolate brown by the oatde of man- 

red clay is derived from the decomposition of volcamc 
mate^ls especially pumice, which floats upon water tor months 

rs carded long 

"gto irScrmpo^d irals are common in Jhe clay. 

the tact tna ^pace. That 

from the ^ ^als which have long been extinct 

proof of the ^dely 

Of all the pelagic epo® > 500,000 square miles, 

Lt-S oTuTn the PaTmc. In depth, Ihe observed range is 

from 2,225 to 3,950 f^koms 

On aTXtion Stand out with great 

clearness. It is .^s projection always gives by greatly 

Pacific is floored with a depo ^Zhem portion of the Pacific 

by a band of radiolanan oo . 

bottom is ^j^^eans, with’ some subordinate areas 

of red clay, toe 2'United States, to 

American Basin, lying off the ^ irregular one to the 

i" ^^he Udeor reports that ‘ ‘ in the 
west of Austraha. * riobmrinu ooze, hitherto mapped, is 

of the At-senttae Basm the^G ^ .^ndantly 

not present, thoug Antarctic components, 

observed. The muds of the red clay, uia- 

of the foraminiferal ooze a mo q a continue^ 

tom ooze encircles the earth m th ^^nnges the North Pacdic. 
belt of very irregular wndt , tliird m 

Terrigenous deposits, most of which are 
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™a, and .na. cona, and vo.nan.n 

6 c“»Ll iTpoai-a. A certain, but as yet unknown, amount 
of cbeLcal actirity is at work in the deep sea. Glaucomte winch 
forms the principal part of the stHcalled green sand .. “ Aemm.^^ 
deposit, but the derivation of the potassium which it contain is 
not understood In the blue mud, decomposing orgamc matter 
reduces sulphates to sulphides, which are afterwards decompo.^d 
by carbon dioxide. The sulphur of the sulphates dissohed in 
sea water is fixed in the mud as ferrous sulphide (FeS), while car¬ 
bon dioxide takes the place of sulphuric acid in forming calcium 
carbonate. Iron and manganese are among the most wndely dis¬ 
seminated metals and frequently form nodules in the red clay, de¬ 
posited in concentric layers around a nucleus. Analysis shows 
that the nodules are composed of the hydrated o.xide of inanganese, 
mixed with variable quantities of limonite and clay. The radio- 
larian rock from the islands of the Banda Sea contains nodules of 
manganese. FinaUy should be mentioned the phosphatic concre¬ 
tions, irregular lumps composed chiefly of calcium phosphate, dis¬ 
solved and redeposited from organic material. These concretions 
occur along lines where marine organisms, especially fishes, die in 
great multitudes, owing to sudden changes of temperature, occa¬ 
sioned by the meeting of warm and cold currents. 

The important inference to be drawn from the study of marine 

deposits now in process of accumulation is this; 

By far the greatest portion of the marine rocks which now form the 

land are such as are deposited in water of small and moderate depth 
and that rocks of pelagic origin are very rare on the land. 

Effects of Climate on Marine Deposits. The shoal-water deposits 
of onlH And temnerate seas differ but little, being preponderatingly 
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of sand, with some gravel; limestones do occur, but infrequently 
and on a small scale. Deepen deposits differ in the two zones, in 
that blue mud is distributed all over the bottom of the Arctic Sea, 
while foraminiferal ooze and oceanic red clay are absent from both 
of the polar seas, and the Antarctic has an encircling belt of diatom 
ooze. The tropical seas have red muds and a great development 
of calcareous accumulations. Pelagic deposits are essentially the 
same in both temperate and tropical seas, being determined 
chiefly by depth of water. In these regions the bottom of the 
deep sea is covered very largely by foraminiferal ooze and 
oceanic clay. As climatic differences are less extreme m the sea 
than on the land, the effects are less distinctly shown in marine 

than in continental deposits. 


Estuarine Deposits 

An estuar>' is the mouth of a river which is invaded by the s^ 
because of a depression of the coast. In such bodi^ of water the 
tTde often scours with much force in the channel while depositmg 
sediment on the flats and shallows. There are many estuanes on 
fh? Atlantic coast of North America, Chesapeake ^d Delaware 
bays • the lower Hudson and St. Lawrence are tidal estuaries, as 
^ he’ lower Thames in England. The water in an e^uary 
from bracldsh at the upper end to full salinity near the mouth and 
is unfavorable to animal life, for only a Umited number of i^ 
animals and a still smaller number of fresh-water ones can thnve 

SuSne'^de^sits are, in general, much like tho^ of the sea, 
t IbunLmly .toown down, especiaUy in 

^ be crossSdded, but with horizontal layers made at 

1 b water Extensive mud flats often line an estuary, especially 

if the range of the tide be great. ^ these 

air a. low water, ^t^t^.'wiU be preserved 
with rain prints and the tracKs ox lauu , 

when the next incoming . Wr of sflt upon it. 

hardened surface of the mu , epo go^ciently between tides 

In pluvdal climates the mud opening of a 

to crack or ^tam impressi • J Hv^^ediments may take 
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place when the stream is in hood, producing an alternation of fresh 

and brackish water beds. . - oUKor 

Though estuaries are not favorable to the orgams 

fresh or salt water, deposits made in them may contain great num- 
bera of individuals of a few species that can j 

diatoms may multiply to an incredible degr^, as ^ 

the remains of land animals and plants, which are earned m by 
streams and buried in the mud flats. 


The Consolidation of Sediments (Diagenesis) 

The processes of erosion, transportation, and deposition so far 
considered, result only in the accumulation of masses of sediment, 
regularly arranged in beds, but loose and incoherent and m the 
case of subaqueous deposits, saturated with water. If the har 
stratified rocks of the earth’s crust — sandstones, slates, and lime¬ 
stones — are to be explained by modem processes of sedimenta¬ 
tion, it must be shown how these incoherent masses are consoli¬ 
dated into firm rocks, comparable to the ancient strata. This is 
not difficult; hard rocks of modem date are not uncommon, but 
in them only one mode of diagenesis has been observed. Other 
methods which, there is every reason to believe, are effective in 
nature, are beyond the reach of observation and must be inferred 
from the results. It is a roughly general rule that the higher the 
geological antiquity of a sedimentary rock, the harder it is, but 
there is no real relation between hardness and antiquity; the mere 
passage of time is impotent to consolidate sediments. On the 
other hand, the older a rock is, the more vicissitudes has it passed 
through, of pressure, heating, cementing, etc., and the more likely 
it is, therefore, to be thoroughly consolidated. Of course, there is 
the converse process of rock decomposition and disintegration, but 
that affects rocks at and near the surface which are slowly but 
steadily removed by denudation, exposing new rocks that had pre¬ 
viously been protected. The various methods of diagenesis are 

as follows: 

1. Consolidation by Cementing is probably the most widely act¬ 
ing means of solidifying sediments and to it all the modern 
instances are due. Very generally sediments are traversed by 
water which carries in solution substances that, when deposited in 
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the interstices, bind the loose grains into solid rock, jost as Port- 
land cement, when mixed with water, sand, and gravel, sets into the 
hard and solid concrete. The commonest binding substances in 
solution are the carbonates of calcium and iron (CaCOs, FeCO,) 
and Si02 Calcium carbonate is the most accessible and the most 
soluble of these and is therefore most frequently the binding agent 
in recent rocks. This is true of the rocks forming in and around 
coral reefs in the limestone banks, such as the Pourtalfe Plateau, 
the moderk sandstones made off the mouth of the Rhone m the 
Mediterranean and on the coasts of Asia and Braz^ 

Hard sandstone dredged out of the harbor of Marseilles contamed 

coins of the Enghsh King Henr>' V. . r, 

Ferrous carbonate (FeCO,) exposed to the air oxidizes to Fe^O, 

which is a very strong cement, and when deposited m W s^d 

makes the hard and durable ferrugmous sandstone. In Flonda 

Te water from chalybeate springs binds the sand mto a very 

aMient-looking sandstone, but the inclusion m tins rock of to 

bones of modem Indians shows how youtMul a ro^it is. T^e 

"he sand gra^ can hardly ^ detected with the 

iro^cope the rock appearing to be a mass of cryst^e quartz 

thicknesses an weieht True, this consolidation can- 

X^bi'X :Ul:bSU 1. ^erred from the an.ogy 

into contact with other r +he invaded rock, metamor- 

aolutions they ^ subsequent chapter. Short of 

"^f" — is .yndea 

depths below the st^ce Aa ^ ^ a„bsequcnt diap. 

hut its effects are plam. as win oe au 



THE SEA - RECONSTRUCTION 


405 


ter stratified rocks, which were originally lormea lu 

bei, have in many regions and in aU ]^bvTa“‘ 

Lnts is static, compression is d>mamic, and the rnore mte^ly 

area^of sedimentary rocks which retain their originally horizontal 
position and yet have been thoroughly hardened without com¬ 
pression, probably by cementing. Certain very 
Liiments, which have never been chsturbed and have ^n ele¬ 
vated but little above the sea, remain as loose and mcoherent as 

when they were first formed. 

The parallel is now complete between the loose sediments which 
may today be observed in process of accumulation and the sohd 
stratified rocks which form most of the land surfaces. For each 
and all of these ancient rocks there may be found a counterpart, 
in the sediments now being laid down, and it may be confidently 
affirmed that the ancient strata were formed in the same w-ay as 
the modem ones. Every rock contains the record of its owti 

history. 


SCMMART OF RoCK DESTRUCTION' -OfD RECONSTRUCTION’ 

Desiructire Action. The surface of the land is everywhere 
attacked by the universally present atmosphere at a rate which 
differs much in different regions, depending upon climate, eleva¬ 
tion above sea-level, and the resistant power of the rocks. The 
rain chemically decomposes the rocks, converting them into soil, 
and mechanically washing this soil to lower levels and into the 
streams. Frost shatters the rocks into smaller and smaller frag¬ 
ments. In arid regions the extreme changes of temperature break 
up the rocks much as does the expansive force of freezing water, 
while the wind transports immense volumes of sand and dust, 
which cut and carve and wear away the exposed rocks. Under¬ 
ground waters, especially when heated, do an important work of 
solution and decomposition, and, under favorable circumstances, 
cause the dislodgment of great masses of earth and rock in land¬ 
slips and rock-slides. Rivers excavate valle>'s and serve as the 
great agents of transportation, bearing the waste of the land to the 
sea, and glaciers do similar work in a highly characteristic manner. 
The sea cuts into its coasts by the action of waves, deepening its 
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u J nlace- bv tidal currents, and in the case of a slowly 

bed m s^ow p ^ to a flat, gently sloping 

and plants add an taportant qnota t» the gen- 

eral work of destruction. present time is estimated 

The annual watte o e times, an incalculably 

„ 20 cubic the land. The 

great amount of m .vstem has thus lost thicknesses of nick 
Appalachian ^Jounta ^ 20,000 feet, and it is 

which var>' in Jiffere continents 

altogether probab figures given for the 

amounts to several thou. that such waste implies 

basins of the ML.^issipP^ and Ganges 

enormously long peno^ accordance with the data of radio- 
of geological time tbe rate of land-waste 

s, the pmsent time - LsumSe denudation, if 

periods is too grea average for past ages. 

The present rate of mmo^ “ X^Cive fancies suppb' a 

Reconstructive which under existing conditions of ch- 

great mass of matenal, is attested in its iou^e, to 

mate, topography, e completes that journey; the for- 

‘X” «r.he"ntal deports, and the Utter 

Xr^te'rr and their nature U 

Continental deposits , climate and topography. In 

determined chiefly by t e accumulations of drift- 

tbe arid and desert ^ lain and playa sands and muds, 

sands, of angular talus, « ^ood 

which are characteru^ticaUy ^ as salt, 

formed in humid ch-ates^^^^^ 

ate zones, rain-wash, deep ^ channels are 

water lakes, sun cracks do not form over gre^ 

areas, as they are '“XXts rf ''egetabie accumuUtions, 

Xi diimshs ana " X^X"“pere.rato deep into the 
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temperate and even the t„piea. eon«. ZVi 

extremely deep soils, whic con am chemically formed 

laterite, and surface deposits of river allu- 

Umestone are but vegetable accumulations are less 

abundant than in temperate lands, ^nd la ^j^termined bv 

the tropics. The absence » , ‘to-t«. , « no not be 

S rattnd' =: s“ tt“:frd% to 

the fineness of the material and, more or less incompletely, accord¬ 
ing to its mineralogical composition. The most important fa^ore 

on the sea-floor are the depth of water and the topography and 
elevation of the adjoining land. The coarser materials grav el and 
sand, are laid down upon the beach and in shoal water the sa°d gen- 
eraUy extending to the 100-fathom line, while on the continental 
slope are deposited the various muds, and on the floor of the ocean 
basins the organic oozes and the oceanic red clay, derived chiefly 
from the decay of volcanic minerals. Limestone banks are formed 
by the extraction of the dissolved lime-salts through organic agen¬ 
cies, a process which goes on most extensively in warm seas of sha - 
low and moderate depth. CUmatic differences also have their 
effect upon marine deposits, but less markedly than in the case o 
the continental accumulations. The loose sediments accumu¬ 
lated on land or under water are, under favoring conditions, con¬ 
solidated into hard rocks, thus making the paraUel wnth the ancient 
sedimentary rocks complete, and finishing the cycle of destruc¬ 
tion and reconstruction from rock back to rock. All these various 
kinds of deposits, continental and marine, are forming simultane¬ 
ously, but one kind of deposit does not gather indefinitely at one 
point, except on the deep-sea floor. Conditions change so that one 
kind of material is laid down upon another and many different beds 
occur in the same vertical section. Each of these beds records the 
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conditions at that point for the time during which a given bed 
^™ed the surface of the hthosphere. The chang^ now m prog- 

Tt a .e. to the “ "o 

jTdyThe w”;Mch"he recta are arraaged and the diatarb- 
_i.^ fhpv have been subjected. 
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CHAPTER XVni 

STRUCTURE OF LARGE STRATIFIED ROCK 

MASSES — FOLDS 


Thi'^ K the subject of Structural, or Tectonic Geology-, which is 

sometimes defined to include and sometimes to exclude - 

rocks the latter have already been considered from the ^tr 

turM point of Mew (Chap. IV), the present chapter 
the stmtified rocks only and .^ill describe the arrangement of the 
bed<= in great masses, both before and after they have been dis¬ 
turbed and changed from their original positions. Struc ural 
geologx-, however, is much more than description; explanation. 
Lst be found for the arrangement and mode of occurrence o the 
strata and, so far as possible, the data Melded by the study of dy¬ 
namics must be caUed upon to explain the structures. Thi. can be 
done in a partial degree only, for many geological processes are 
bevond the reach of obserx'ation, either because they are so slojv 
or'because they operate at such depths %Mthin the earth as to be 

inaccessible. 

In attempting to explain the facts of structure, it is necessary 
to reason from effect to cause and this cannot always be done wnth 
confidence, because it often happens that a given structure may be 
referred tidth equal probabiUty to different agencies. Out of a 
number of possible explanations, to select the one that actually 
produced the result, is by no means easy and often causes great 
differences of opinion. In no diMsion of the science is there so 
much debate and uncertainty as in tectonics. It is often ver>- 
difficult to ascertain the facts and still more so to find the rightful 


explanation of them. 

In this, as in all the other pro\inces of the science, the historical 
point of \'iew is dominant. Not only is the purpose of the stud} 
to ascertain agencies which have produced the structures, and the 
manner of their operation, but also the successive steps by which 
the structures originated, the order of their occurrence, and their 
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geological date. They may thus be fitted into their places in to 
^versal history of the earth, which it is the main problem of geol- 

°^horS stratified rocks cover more than ninMenths of to 
earth's surface, they form but a smaU fraction, m thicknes, of the 
Lth's crust, relatively Uttle more than the paper winch covers 
a globe one foot in diameter. If the entire senes of tom were 

Sen the shallower parts of the sea, while the reporn which have 
been land for ages may not only have had no additions to their 
^aces but ha« lost immense thicknesses of rock through denu- 
Mon ’ The profound depths of the ocean have a wa^ been to 

Sttd r^cks must vw 1 ^^!°.^ i ^ S 

which has been U to stratified r^ks 

movements o “ ^^1 attitudes of horizontality, it 

would be impossible to Canon of the 

The deepest natural trenches, ,p000 feet or less, and the 

Colorado, nd^ol inrtLfe^h^ In 

deepest /e been folded or tilted and then 

many places the stra 

truncated by erosion, - nf them mav be examined with- 

^ound, and thus great of th^- 

out penetratmg i“to Pennsvlvania border, many thou- 

York, from Lake Ontario all'gentlv inclined, or dipping, 

sands of fee, suc«ssron. No artificW 

opening is needed to sufficient. There is a 

ordinary' ^ bldfacro^ the south of England from 

similar suc^ssion of U the 

Wales to the North Sea, a cr preeminent importance 

beginnings of Tsdmcc By the coordination of mmy 

in to de'doptncm approximatdy to onto 

rj^crors—cks. -ng -ug^ ^ ^ 

sruli^cmma. or dMsion m o tads >aye^; ,,, ^ 
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mentation that is no. in prog«ss shows (Pf^^'^at stratification 

—=S251rfi 

wX^rnTthr ot division, or part- 

Z'into Irfor less pamUel layer, ot stratification. buU''' 
meats ot all geological ages, including the most ancient known, 

“ntogirmlter. or bed, ot a stratified rock is 
term rarres. E^ch layer, or lamina, represents an 

L dep^ition, or to a change, if only in a film, of the material 
deposited. A stratum is the assembly of layers of the same min 
eral composition which occur together and are bounded above and 
below by layers of different material; a stratum may thus consist 
of one layer or many. There is much looseness in the use of the 
term and frequently layers and strata are employed synonymously^ 
The passage from one stratum to another is generaUy abrupt and 
indicates a change of conditions, either in depth of water or in the 
character of the material brought to a certain spot. So long as 
conditions remain the same, the same kind of material will be 
deposited in a given area, and thus immense thicknesses of similar 
material may be accumulated. To maintain such constancy of 
conditions, the depth of water must not be materiaUy changed and 
hence the bottom must subside at the nearly same rate as that at 


which the deposit is made. 

Usually, a section of thick rock masses shows continual change of 
material at different levels. In Fig. 189 is shown an actual section 
through certain strata in Beaver County, in the coal regions of 
western Pennsylvania, which registers several changes in the con¬ 
ditions of sedimentation at the same point. At the bottom is a 
coal seam (No, 1), the carbonized and consolidated vegetable mat¬ 
ter which was accumulated in an ancient p>eat-bog. Next came a 
depression of the bog, allowing a rapid current of water to flow over 
it and deposit fifteen feet or so of gravel mingled with coarse sand 
(No. 2), and reduced velocity elimmated the p)ebbles and brought 
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about the accumulation of sand above the gravel. These deposits 
so shoaled the water that a second peat-bog was established, result¬ 
ing in the formation of a second, thinner coal seam (No^ 3), a proof 
that the second bog did not continue so long as the first. A re¬ 
newed subsidence flooded the bog with quite d^p water, m 

which about 12 feet of fine silt was thrown 

down, now consohdated into a shale (hio. 4t. 

An opposite movement of upheaval rendered 
the water shallower and permitted the deposi¬ 
tion of about twenty-five feet of sand and 
*-.• o '.v.-.v *1 clay, later consohdated into an argillaceous 

sandstone (No. 5), and this so filled up the 
-s.-V.A-.'.Vj ^^^at a third peat-bog (No. 6b vrhich 

continued much longer than the earher ones, 
was formed, and in this was accumulated the 
mass of vegetable matter which resulted in 
the formation of a six-foot seam of coal with 
a very thick under-clay. Again depression 
allowed water to cover the bog and the 
depression continued pan passu with the 
deposition ot gravel by a strilt enirent untj 
70 feet of the gravel, now a conglomerate, 

were laid down. 

This, or any similar section, points to a 

^-it ally’important inference, upon ^hich the 

whole fabric of historical geologs' rests. 1 his 
r • ihct the <;uccessive layers were laid down, one upon 

another in fThe bed 

from below upward, is. ’iHp-t bed is necessarilv the one 

first laid down, in other words e ^ ^ 

at the bottom, and the last formed bed is the one^a^^^ 

intervening layers are of thL’the one which hes upon 

than the bed upon which it hes, overturned, 

it. In violently hi her ones, the order of suc- 

or when lower ones are thru. . _„„.ion but this discrepancy 
cession in the section is not ha ^o^^ departures from the 

;Sr-e lin bright al^-ub— 

modeltei; ^sturbl^stra^r That the order of.superposition in 



Fig. 1S9.—Section 
in coal measures of 
western Pennsylvania. 

(White) 
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a series of beds 1 it could not 

^r:;^:rum^^ .no -0 t changes .hich 

In this fashion, the succession of tne WTiether 

ivere in progress while those strata 

seams, were laid down in fresh water, or t, bj a kk a 
river, or the sea, them is no'hmg, mj t"'™'* ’sediments, 

except such fossils as ma> ■ ^j^^racter of marine 

Somewhat .“'‘^'“^tojXough the lowering of the adjoin- 

i"Ws the chamcte. of the sedi- 

?s no^^twori^ ^^e length of time 

SaTlut it ^ “bat different kinds of beds accumulate at 
er^r different rates The coarser material, conglomerates an 
landstones were pUed up much more rapidly than the finer-grained 
^shafes and’limestones, so that equal thicknesses of different kmds 
of beds accumulate with ver>' different degrees of ^apiditj. T 
put it in another way, ver>' different t^cknes^s of differentjrts 
of beds may represent nearly the same lapse of time The ^vser 
Cretaceous limestones of Mexico, which are 10,000 feet thick, are 
approximately the equivalents in time of the 600 feet of Potomac 
Ty inLrxInd. Comparing Uke strata .ith like, we may say 
that the thickness of a group of rocks is a rough measure of the time 
required for their formation, and that very thick masses require 
ver\' long periods, but the estimation of geological time is made 
by methods verv different from measuring the thickness of strata. 

Change in the character of strata takes place not only verticaUy, 
but also lateraUy, since no stratum extends across a continent. 
Bodies of water are subject to frequent changes of depth character 
of bottom, and other circumstances. Such changes would seem to 
have alwaj's taken place, as is indicated by the subaqueous rocks 
which now make the land. Sometimes strata may persist very 
evenly and with uniform thickness over vast areas and, m such 
cases, the bedding planes are sensibly paraUel and the stratifica¬ 
tion is said to be regular. In many cases the changes in thickness 
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and character of strata are rapid and the beds are plainly lenticular 
in shape, thickest in the niiddle, thinning to the edges; then the 
bedding planes are distinctly not parallel and the stratification L« 
called irregular. Figure 190 is an unusual example of rapid hori¬ 
zontal change ; the two sections are taken only twenty feet apart 

^ in continuous beds. The difference in 

thickness of the hgnite seams and the 
limestones and sandstones which sepa¬ 
rate them is verj' striking. The aggre¬ 
gate thickness of the hgnite is much 
greater in the left-hand column than in 
the right, which has a greater thickness 

of limestone. 

The minuter details of structure in 
the stratified rocks, such as cross bed¬ 
ding, ripple and rill marks, rain prints, 
the° tracks of land animals, also give 
valuable information as to the condi¬ 
tions in which the strata retaining such 

details were laid down. 

Concretiom, or Xodules are formed 
after the deposition of the beds in which 
they occur; thev are balls or lumps of 

Be i»,-Par.ll.l«cno„ a material differiag more or less tom 
near Colorado Springs. Col. that of the including stratum. They 
(Hayden'i not pebbles which are antecedent 

,0 the laver that contains them, but were formed subsequently, as 
shonm bv the planes of stratification, which often pass thmugh 
'^“d* withou'; interritption, and fossOs somet»m« fo- 
ratnrtlv within and partlv without a concretion. In shape, con 
^ons vam greatlv, from almost perfect spheres to grott^ue 
^^oreiriie' but alwavs of rounded, never of angular, form, ^e^ 

layers are not always pre. intemallv bv radial cracks 

“rbseque^Med ^ th^eVpIsiton o, 

The formation of concretions has ^ imposed was 

^rir'iv"na.’e; rugh the layer and suhsequently con- 
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cen.rated, but how this is oflecto.l is '^Xocks^mntTn"”''-^ 



Fig. 191. 


Concretions in Larnmie santlsf<».(>, exposcl l>y weathennK 

Displacements of Stpatifikd Rot ks 


Most of the stratified rocks which form the visdtle and accessi > ( 
parts of the land are of marine origin, and tlie fact of then occur¬ 
rence on land is proof that they have been displaced, at least rela- 
tiveb^ from their original positions. Marine strata an oiin 
the tops of high plateaus, or lofty mountains, many thousands of 
feet above sea level, as well as in low-lying plains but httl(> raised 
above the sea. Originally, strata must have been nearly or quite 
horizontal, for such is the operation of gravity. A deep and quiet 
fall of snow gradually buries the minor inequalities of the ground 
and forms a level sheet and, in the same manner, sediments are 
spread out over the sea floor in nearly level layers, first covering up 
irregularities. This original horizontality is not perfect and 
departures from it are frequent, but, on a large scab', these depar¬ 
tures are very slight and conspicuous ones are of only small extent 
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Examples of such original deviations from horizontality are; 

(1) The foreset beds in deltas. (2) Alluvial cones, or fans, have 
steeply incUned layers. (3) Sandy beaches often have consider¬ 
able inchnation, as much as 8 per cent, and newly deposited layers 
conform to this slope. (4) On a large scale, the sediments of the 
continental shelf have a sUght inchnation away from the land 
and those on the continental slope a considerably steeper one. 
These shght original incUnations of strata are called rntiial 
and may have an important bearing upon subsequent displace- 

ments. , . • -^.u ^ 

Diastrophic movements were classed as epeirogenic, ^th wr- 

tical displacements, either simple uplift, or warping (see Chap. IX), 

and orogenic, in which the movement is tangential, d^ 

nlacements may leave strata in their ongmal horizontal altitude 

or may tUt them into inclined positions, maj'leave them mtact or 

?ract Je and dislocate them by faulting. Tangential movement 

results in compressing the beds into a series of cur^^es called foUs^ 

Uplift warping, folding, and faulting are thus the ways m wbch 

the dikstrophic movements of the earth’s crust affect rocks of all 

de^riptions, but it is the stratified rocks with which we are. at 

a to the study of displacements, a few terms 

be defined terms which antedate geology, ha%Tng ansen to meet the 

needs of men who worked in the rocks, miners and 

“were glad to adopt them, for they serve the purposes of 

“rhe'rn^e oTLaatiou which ^ted M mt*. a 

17h(^ a dip of 15" to ~ 

ured by an instrument ca i or in tracing the undergrouna 
‘e”^on ofTtSa^ lS,Tmeas^ment of dips is an mdispen- 

n'XSe of intersection of If 

'at"'oTlCroMaS one side of it, may^rep.^^ 

Jt;e'Shr»^ Another Ulustratio. 
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would be a^slatc held Th^ 

and lowered into a ^e:,sel o on 

surface of the water is a onz strike must always 

the slate will be the strike g- - • _ change its direction, 

be at right angles ^ , "b „ “e so long as the 

as the latter changes, but will be a ^traign 



Fig. 192 . - Claggett shales, tilted, Mud CreeK i.ap. 

(Photograph by Stanton, L . ». M. a.; 

direction of the dip remains constant. The 

tains in Pennsylvania form a sweeping curve of nearh 90 from 
Delaware River to the center of the state; the directions of dip 
change from northwest and southeast to west and east ^ndJhe 
strike foUows the cui^'e. Horizontal strata have no dip and there¬ 
fore can have no strike ; both terras apply only to tilted or folded 

bods 

Outcrop is the line along which a stratum cuts the 
ground and horizontal beds may crop out on the sides of hdls or 

nr on a nlain. if the surface of the latter does not coincide 
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with that of a stratum, but cuts obliquely across the bedding. In 
the case of tilted or folded beds outcrop and strike are coincident 
when the surface of the ground is level. The direction of dip 
remaining constant, the rougher and more irregular the surface 
of the ground, the more do outcrop and strike diverge. For a 
given kind of surface relief, outcrop and strike differ more when 



Ftr 193 — Model of anticUne. P, a.xis pitching to the left; S ^ 

«rie ; C, Ibe of dip. The dotted lih. i. the ptoe of the (Wab.) 

the angle of dip is low than when it is high, for when the strata 

Irgle of dip, tL more nearly do the two Unes approach each ote 
W ten looked at broadly, as on a small-scale geological map, out»op 
rn^stnl are much the same and foUow the same general coarse, 
the sinuosities of outcrop balancing one another. 



Fig. 194. — Model of sjncline. (Willis) 


folds are curved strata, usually in a ^ 

downward l.nds in paraM -es, ^bu. ^hi« 

S^rSarn.:;?, ^.here are ody twoj^.^ — 
rmo^icre";’ but it would be betterm 
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use the term fle.ure for tt ae .t - P — “ 

wav from the true folds and 1- or arch of strata, from the 

summit of which the beds fnguhtr, or any- 

of the arch 4® 5L along which the fold is prolonged 

^T^Silh 'r-Ssen Jtt“d^s.^r ..n';bs, of the an.tchne, while 



Fig. 195. 


lingle anticline, upright and symmetrical. Peace River. 

Sur\'.. Canadii) 





the ridge pole ^iU be the axis. The same illustration 'vas used 
above to explain dip and strike and serves equally well for bot , 
it «eem« to have been first used for the anticline, almost exactU 
one hundred years ago, by H. de la Beche. who. in spite of his name 

was an eminent English geologist. \^ht*ther ong or s ^t, 
fold eventually dies away, sloping down into the undisturbed area 
of the beds ; its summit is therefore not periectly horizontal, but 
gently or steeply inclined, as the case may be. and this inclination 
is the" pitch of the fold. According to the length of the axis and t le 
steepness of the pitch, the intact anticline is either short and dome¬ 
like, or long and cigar-shaped. 
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Fig. 10 


arch. .o„h <o,. .he ^V. Va. (Ph«..»™ph 

bv Darton. 1 .^ ) 
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, The Sy.cU,.e is the t^^Tn^faipprorfr™;: 

being curved downward into a ^vnclinal axis. As in 

both sides toward the bottom, "bic s . ^ 

the anticline, the axis may be long or short, wt (t ^ ^ ^ 

upward pitch fo^ 'T„"-.";"r,'he''syncUn,. ntay Ire shal- 

row L:r:ddXtp:n’’m‘may Lve steep sides and angtdar bottom. 



Fig. 19S. 


\-ncline in Utica Shale, near Up^on, Penn 

Stose, U- S. G. S. f 


i Ph‘ ^ hv 


3. Domes and Basins are special cases ot anticlines and ncline~. 
The dome is an anticline and the basin a syncline in which the :ixi> 
is reduced nearly or quite to zero. In the former ca-e the dome 
and basin have an oval ground plan an.l in the latter case they are 
circular. Basins and domes are more apt to occur singly than the 
elongate folds. The Black Hills of South Dakota are a single, 
oval dome, which rises suddenly from the plain and is not con¬ 
nected ^ith any other fold. The dome has been deeply dissected 
by erosion, so that its stiaicture is fully displayed. The term 
bos-in is used in different senses and it is necessary* to distinguish 
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between the basin of folding and the basin of erosion; only the 
form is common to both, the structure is entirely different. 

Anticlines and SNmclines usually occur in parallel eenea, each 

pair of anticlines connected by a syncline. At one of ^ 
folded belt several axes may converge and unite in a single foW; 
sooner or later they all die away, the pitch of a fold coinciding with 

the dip of the beds. 

4 GeaniicUne orui Geosynclu^. No terms have departed more 
widely from their original meaning than these and it wUl be very 
ad^isable to return to the sense in which thejjreie ongi^y 
employed by Professor J. D. Dana, who proposed them. Onh- 
nao^ folds affect the strata at the surface and for moderate depth* 

Sd be nvolved m folds of such smaU .mplif ude, Tta c.^, 
c2d gMnticlines and geoss-ncline.; the 

the more important and was originally dehned by Dana thill. 
I^ateral prerure from contraction is a force of 

It acts horizontally, or very' nearly so. . ^ - Its eff^ 
i, to produce great upward and downward bendings m the i^ 

UtrcUnals L ^^osy-nclina.,.’ in a 

bendings am ,oTded or no. folded." The 

earth s applied to the deep, sediiiient.6lleil 

;Zhro[^riS S::DaL's deanition say, nothing 0 , .. 

’’“rTnlicf.nori.m. ond ^spicfinoriiim, likewise proposed by I^. 
have been — 

progress of a ^ elevation and such an elevation is an 

anticlinonum. are defined as compound folds 

editions of this book, - svnclines' if the combined effect 

made up of many antichn •e^^enlv called an anticlinonum, 

were an upward bend, tt w^ “^^^^'^li’rivSVhe onue. fmm the 
if downward, a sync'™™ ' „ C„lle, dehnes the term M 

Greek “oros, a depression, which may be 

foUows: ".4 geosy^y ^ 



FOLDS 


s,-tu<^,ed between luo eonUnenlal n.as es nnd -e ded 
by sedimente. while geanUehnes develop tn Oth 

have been proposed by various writers, but m 

original definitions tvUl a ,„avs ; (1) according 

Folds may be classified m set eral dine 

,o the relation of the OPPO"*® or.he ^bs and in ihe 

:;t Lrd,y necessary h^_ 



Fig. 199 


As\'inmetrical anticline, partly cut do^ by the >ea.. 
'SaundersfcK)t. Wales. (Geol. Surv. Gt. Bnt.) 


Harbor 


(1) According to the first method they may be distingui-shed 

as follows: r \a 

(а) Upright or Symmetrical Fo?rf,s* have the two limbs of the fold 

dipping at the same angle in opposite directions, the plane of t e 

axis is vertical and bisects the fold into equal halves. 

(б) In Asymmetrical or Inclined Folds the opposite limbs ha^e 
different angles of dip; the plane of the axis is oblique and dnndes 
the fold into more or less dissimilar parts and the fold is inclined 


to one side. . . i u a 

(c) Overturned Folds are those in which one limb has been pusnea 

over past the pierpendicular and are also called inverted. 

id) Recumbent Folds are so far overturned that they rest upon 

the side and one or both limbs are nearly or quite horizontal. In 
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Ftg. 203. — Reoumhent folds. Rusoy Bciicdi. Rk-oI Surv Cit l3i it 
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a recumbent fold the proper order of succession of the beds is re¬ 
versed and if the crest of the antichne be removed by erosion, the 

result mav be ver>' deceptive. 

(2) The second method of classifying folds deals with the rela¬ 
tive thickne .=5 of the beds on the limbs and in the plane of the axis, 

and gives two types. 



Fig. 204. — Model of recumbent Alpine fold. 


(al Concentric FoMs have their strata of unchanged thickness 
and each bed is uniformly thick, unless there were differences m 
its parts before folding. In a concentnc senes there is a Ime of 
maLum curvature, the curves diminishing upward and down¬ 
ward from this line, so that the folds die away above and below. 



Fig. 205. 


Model of recumbent fold, after denudation. 


,5, In .^imUar folds the beds are thinner on the ^^s, tMto 
,he cL.s, and ,ho angle, between ,he lin,b, of snccesave etra,. 

U3"‘’Tt third mode of claerihcation ha, two types, <P«» 
closed, to which a third, squeezed, is sometimes added. 
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Fig. 206 


Svmmetrical, closed anticline, Levi.s Quchc<'. 

C. D. Walcott) 





Fig. 207.—Overturned svnoline, Frotierick Sound, .Ma.'ka, (Photograph 


by Buddington, V. S. G. S.) 
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Fig •’OS - Small dosed 

tr’ S'’the°cS "woml'^'lli^-er dLtrict, 

thicker on the cresi, standidee) 

Ontario. (Photograph by J. R. Sandidge; 


abs of a given stratum 
are gentle and regular, 
they are said to be 

undulating. 

(6) Closed Folds are 
those in which the 
limbs are in contact 
and any further com¬ 
pression must be re¬ 
lieved by flow and 
thinning of the beds, 
or, as Professor Willis 
has it, “a closed fold is 
one which cannot bend 
closer without distort¬ 
ing the bedding.” 

(c) Squeezed Folds 
are those in which “the 
compression has gone 
so far as to alter mar 
terially the thickness 
and form of the strata 
or to shear them off.” 

Contorted strata are 
compressed into closed 
folds, which are con¬ 
nected by sharp, angu¬ 
lar turns rather than 
curs’'es, and Plicaluww 
are intense crumpling 

and corrugations of the 
strata. The terms 
closed, squeezed, con^ 
torted, and plicated 


compression 


he used in connection with any sort of rock. 
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T,odinal Folds are of the closed kind and have been so l^nt back 
upon themsXs that the litnbs are all parallel and m eloee con- 
tLt. When a series of isoclines has been truncated by erosion, th 
strata show a continuous uniform dip and appear deccp i-ve 3 i _ 

a stmprsuccession of tilted beds, but the frequent repeUtmn of 

strata^of the same material, the same thickness, and m the sar ^ 
order would be good reason for suspecting that appearances %vere 

not to be trusted. 



Fig. 209. 


Isoclinal overfolding, the Blackwater, Ross, Sc‘otland. 

Surv. Gt. Brit.) 


(Geol 


Fan Folds have the anticlines broader at the summit than at the 
base and the sjmclines broadest at the bottom, a reversal of the 
normal proportions. 

The two classifications, one according to the attitude of the folds, 
whether sjonmetrical or asymmetrical, and the other according 
to the degree of compression to which they have been subjected, 
are not at all exclusive of each other, but may be employed 
together. Upright, symmetrical folds may be open, closed, or 
squeezed, isoclinal, or fan-shaped ; oblique and overturned folds 
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nrjs *r.i 


be in similar combmations, but ones ne nece^ 

;2n ^'intense that the rocks have been forced to Bow, tUckening 

” hicrim cut S te^el original connections. In Fi^ 208 
U^totcn a very- smaU anticline, but littleJess than naturd s^ 
in wtoh some of the layers have Bor, J, becommg ttncker on the 

er> luiiife & rpffistered m the character of the 

Sr“ Anote tod ^displacement which is ust^y caM a fold, 

LtroTre'ar: cms; ard should there^ be called h, 

The :r‘u^pS"line Jbu. as^el^ 

anticline. ^ d- different levels. These 

a sharp bend tha ^ ^ otherwise undisturbed, thoi# 

strata are -", ever folded, for the sup, 
they may be tilt , ^ „f the ordinary Inie, 

cases of connection of a problematical. When 

as at the Delaware Water ^ /1 to pa^ into a fadt. 

traced i^^morTnearly akin than to a typical fold. An 

area of land is slowly ’ ite sense. The strata 

remains stationary and when the tension becomes 

irresistible, they ecpeciaUymthehi^plnteaut^ 

common in many p. they were first obseryed and named. 

^ Folding, properly so preyents fracturing 

when the pressure of o%erlyT ^.a^fully examined, exhibit a 

and shattering. ^ hiding of mineral grains a»d par- 

real flow of material and plasticity. Many anh- 

dines show a thinmng of he bmb 

thickening along the ^^ ^ small folds, or what app^ to 

be such, are formed bv tram ^ d ^ < 

,hough tn-''''be no questiouof Bo. or pUebciW 
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When the Chicago drainage canal ^Na> --^ 

stone it was given vertical sides and tht* sjxd wa- < uin[n < a 
fhe bknks. Removing the load in the channel and im-n-a-ing t 

on the sides caused the bottom of the cut to arch ^ 

^ame thing happened in the great Gaillard C ut of the l ariaiua 

Canal, whfch, with the slides, deferred the op-ni ng .d naMga.ioi 

__I 



Fig. 210 . — Monoolinal flexure north of Broad Hav*n. Pernl.rok.-, Wales. 

(Geol. 4Sarv. Gt. 

for a year. In the limestone Ix/d of the Fox River, W isconsin, the 
strata suddenly arched upward into a low anticline, Ixnding the 
steel columns of a mill that stood on the sp<jt. In all of thes^ 
cases of surface folding and many more that might \x^ cited, the 
anticlines — for sjmclinos are not formed in th:it way are due to 
the readjustment of joint blocks, not to plastic flow. 
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CHAPTER XIX 

FAULTS AND THRUSTS 

The rocks ore often unoble to accommodate themselves bend- 

,„U he'rcLe vteld by iraoturinct. usually accompamed by dts. 

. Tela r wonR bv especially at and near the 

'‘''l''"'';rthX:r h Thi; kttid o.- displacement was repeatedly 
,-ncotmor. d I ,„u„,lasi thousands. Rocks have no 

areat tensile universal association of dta. 

irophic 01 rock mav be faulted, but attention 

geological flafe>. - ■_ j .,ratified rocks, on account of 

r.:::r dS^ubv ;;;l;et.g_ d.^c.io. thick igneous 

"''■r'’''-prTrrr un'^in^^^ by a dislocation, is called a 

X rtti.pl. . ,i,e crack are the same at 

■.. ■ '';;',,r,:;;.:.,:"-l..':tv n,t that the assure was made through 

a.^responutna h e. I ■ ■ ^je of a fracture are 

.■■■ntmuour be.is. ■ once to those on the other side, 

-l.tf. .1 to any .hr.a-...u »t h ^uo- 

rhf .truc'ur.- i- ci-.sl- ti ^ ,^0 manv different direc- 

'".'.""Tr To take the stmples, case, that 
•ittn.-f may uim' -t’ ■' p. nil : the appearance 

..f a r,..rt..:d fctb ... a sty a 

pr.-iucd is .ha- ...t ...... ;;;';;C,C;K,,„hrotv side., and. no 

and ..1. •O'- ■■ p p but not necesaarilt 

, ^ ,, . ..i-tf- „p „ ,he downthro. 

e' -'' , .'a Wr sidf tvas stattonary i or both stdes 

oyit- u..iie .lt.^'n. - ihan the other. The ex 

.. ,v liave u-im up 'T '‘"'Ml. _ movemen-. 

-•-"i vertical, horizontal, oblique, or 
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rotational; the one essential feature is that it be different in direc¬ 
tion or amount for the two sides. 

Movement may be often renewed along the same planes of frac¬ 
ture and in this way displacements of many thousands of feet may 
accumulate. So far as may be judged from pre.‘^nt-day activities 
movements on fault planes on the land are limited to a few tens of 


feet at one time; 75 feet in 
Iceland and 47 feet in Ala.<ka 
are the maxima so far recorded, 
but ver>' much greater ones 
have registered in the bed of 
the sea. There is e\idence 
that displacements have gone 
on intermittently along the 
same fractures for verj^ long 
periods of time. 

The economic importance 
of faults is so great and their 
bearing upon the problem.^ of 
mining so \ital, that much 
was learned of them empiri¬ 
cally and the early geologists 
in England adopted the results 
which the miners had attained, 
even their te^ninolog^^ This 
is still in use, ver>' largely, but 
manv new terms have been 
de\ised, especially in this coun- 
trv', where there is great di¬ 
versity among various wTiters 
as to the meaning to be at¬ 
tached to several of the terms. 
% 

It is therefore desirable to 



c 


Fig. 211. — Mode*! hy LS<^>p\rith show¬ 
ing efTet-t of fault on outcrop of horizon¬ 
tal l>eds. A, before faulting; B, after 
faulting, with scarp standing; C, scarp 
worn awav. 


follow the recommendations of a committee of the Geological 
Society of America on the Nomenclature of Faults. The com¬ 
mittee consisted of Professors H. F. Reid, W. M. Davis, A. C. 
Lawson, and F. L. Ransome, and the report was publi-shed in 1913. 
It was the object of the committee to ‘'make no changes in words 
which have a recognized meaning’^ and to “follow’ the best usage 
when a word is used in different senses.“ 
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. or clean-cut fractures, a dif- 

Faults may ^ depth at which the faulting took 

hmtering effects occurring near the earth’s s^a.^ as a rule, 
place, shattering 212; it is a 

The analysis of a . P through inclined strata, the mclina- 

‘ ‘ normal, strike fault „„oosite to that of the fault. Faults 

tion of w’hich is in a direction but are much 

more generally inclined, and an 
important distinction is between 
high-angled faults which tend 
toward the vertical and low¬ 
angled faults which tend to be 
horizontal. 

In an inclined fault the angle 
of inclination measured from a 
vertical plane is called the fiode, 
or slope of the fault; measured 
from a horizontal plane is called 
the dip. Hade and dip are thus 

complementary and together al- 

1 Qn= In a vertical fault hade = 0, dip = 90“; m a 
wavs equal 90 . ^ qqo xhe word hade is also 

horizontal fault dip - 0, ^ ^ bade toward 

used as a verb just a. of its dip. The strike of 

one or the other Mde - T^e side on which the beds 

u fault is its line continuations on the opp^te 

lie at a higher level the side which has ^ 

side of the fault, and the side which has been 

relatively raised, ^^ed the doicnihrow, though, as stat^ 
relatively depressed, l^ ca direction of movement 

above, this may not ha^e ^ ^de of tiie 

Owng to the be other and, hence, are the hangav 

„ „H, and the side ^ ^ „all may be on the apttoow.or 

Either the foot trail or the haogi 6 

,l,e downthrow side, according ^ recogniKd 

jr, “i™ “f™ 

.2) Rotatory moremenU are 


r 019 —Normal strike fault, 
h.d.n. a;.r„M, dip of W,. 

«'•' .irott^-obio ’b'"''! 

hac, angle of hade. 
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t the fault under consideration has suffered a rotation relat.%-e to 

“No faults of any magnitude exhibit merely translator> mo\e- 
lents over their whole lengths. Faults die out and the di.-plaee- 

lent is not uniform ^ 

long them, so that 

ame slight rotation.” - 

'he vertical displace-- 

lent between the two ——— 

?vered ends of n given ^ -H Z 

ed as measured in a I-- ^ ^ , 

1 f. p'n; 2i:i - N-THKil .'Mil-'- limit tsIi'lKiK '«MMi 

nne shaft, for m- .K', rhn.u : /tr, l„...v,.; Wt. .-^raM- 

tance, is called the t hrow. 

hrow { Fig. 212 nc, 

ig. 213 AC). Owing to the obliciuity of tin* l;iuli. itir <- v<re(l 
ads are separated horizontally as wr-11 a< veriieallN\ and tin- 
jparation is called the hfan , or horiKudnl thm^r il-m. -1.^ ' ; 






^ ^ i# ' i 


•r. 
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Fi<i. 214. - - Fault hrf-Fc ia ui lirn« '’'’ri«-. 

"ig. 213). The heave is due to the oblifiuity of ilie fault and 
herefore increases, relatively to the throw, a- the hado increase - ; 
L vertical fault having no hade can have no heavr. Cuxf \< the 
listance between the two corresponding ends of a faulird In-d 
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n'.int‘r:i!. u>uiilly 

tnnn -nlu'inn in percoliii- 
inn ^v:ltor^. In >oft rock- 
I ho fnult is nlwuvs ck--i 
in- tho iniinon-'-' prO'-urc- 

involvt-a. hut in rigi-l rock> 

it nuiy roniain par^y open, 
if tho fault surface !>:■ 
\varpca or irregular, a- 
sonerally the case. Th- 
term i' t!v;> 

rarolv accurate, thougri r 
(N. Y. Sni'f (-'.ot^h >orv.^ i- ciuployod as a niiO**: 

In 1-iuh' "f con>iaeniblo throw %vhere pr.,y.:.- 

of conveiuonco. itt taiu • _ -Oi ..■ 


^' *7/' f rmltU :ova>. 

i!.s "-ill .'t 1. S'.irv.' 

R.'i.'P'U-. N- 1 • 


„ lu i;-.-; ao oi o 

Ubiy .yovon.oi.' 1'^'= U, do»o«ord. accMdx: 

■tdiacent 'trata are >harpl. - the narar: 

-ho diiootion of ,ho j„,„,hrow oiole* pofebfs o'- 

rooks iho grinding ot '‘P; ' nrrv known on ■ ■ 

nroovos tho lanh surlai' ' ’ , |,j, dirooiion oi the i-' nrov 

Tlto grooves or em* ...dun 0 ,„„„w,ro 

. .vh,oh us..nlly »> is no. ; 

but sometime^ si P-opC- ^ome specimen? hat e pri-w. ■- 

the renewed movement ^ the movement t 

ewo or even three sets of =tn£.e.-c - 

a difierenr direction. 
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Primarilv, faults are classified according to their relation to the 
attitude of the strata. tD -Stcl.c /nuK.s are those uh.ch h . a 

bourse parallel to the strike of the beds. Ntat ““ 

of CTeat eloneation are strike or longitudinal fault,- so calua 

because, like longitudinal valleys, they are parallel to the axes of 

fold« and the “grain of the country- generalU. 

(2) Dip Fault, are parallel to the dip of the strata and t herefore 
at right angles to the strike faults. They are usually of nfi great 
length and are also called transversr>, Ix'cause the> cut atniss a 

grain. 



Fig. 216. — E>rag of strata at fault, near 


Dalhousie. New Brun.'^wiuk. 


(3) Faare oblique to the strike of the >trata and inter¬ 

mediate between dip and strike faults. 

A fourth kind, bedding faults, are thus defined in the Committf<‘ s 
report. “A bedding fault is a special form of strike fault whos^‘ 
surface is parallel with the bedding of the stratified rocks. tig- 
ure 217 shows so-called bedding faults, which are along the dip of 
the beds, not the strike, and it is manifestly improper to call them 
faults, for there is no fracture involved. Some of the strata have 
been pushed up along the Ix^dding planes higher than others and 
the structure is of very minor impc)rtance. The first effect of fault¬ 
ing of any description is for the upthrow side to form a line of cliffs 
or bluffs called the fault which, undf*r favoring conditions. 
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may long persist. In the great majority of cases, ho^Ncvcr, the 
scarp is removed by denudation, so that both sides are on the same 
level or on the same continuous slope, with no surface feature to indi¬ 
cate the dislocation, which must be detected by induvet evidence. 

Another method of classification is in accordance with the 
nature of the relative movement on the two sides, as the actual 
inovcniont cun seldom bo dctciininod. 



Fig. 219. 


Small, nearly vertical fault, showing drag. Little Hivt r Clap, Tenn 

(Photograph by Keith, V. S. CL S.) 


A. High-Axgled Faults 
7. Vertic/il Faults 

1, Normal Faults, (also called gravity faults') are those in which 
the fault hades toward the downthrow side, which therefore forms 
the hanging wall, while the upthrow side is the foot wall. The 
term grarity fault is used because of the appi^arance of the down- 
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throw side’s ha^dng simply slipped dm^-n the fault plane under the 
influence of gra%'ity. Sometimes, no doubt, it did . 0 , but, as was 
pointed out before, all that can be confidently stated is that there 

was a differential movement of the two sides. • . , 

Strike Fardt. belong in the normal and reversed ca egones but 
may be mentioned here. Normal faults are not always strike 



Fig. 220. 


^ 1 s; D about one-half natural size. 

Slab of fault -rock. Buffalo Ga^ ^ ^ 

(Photograph by J. K. ^anaiugc^ 


for they occur also in 

opposite directions, but. m Viadice in the same direc- 

,he other. .4. series of parallel fault a t ha _ 

tion. are called step .f't»'(s, ' /, parallel fault planes 

hade ton-ard -ch o,h« so as to me^.^ ,.^,^p,haped block, which 
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of both caUed bj^t Knglith-tpeak.ng 

“St to use'the tcrnt Gtobt,, fot a trough ^ult but th,^ U 
LneLsart-, as lre„c!, is an evact equivalent. On a ttr> larg 

scale trenches are called 
rifts, rift valleys, such as 
are found in such astonish¬ 
ing magnitude in Ea&t 
Africa. 

However long it may 
be, a fault sooner or later 
dies away, by diminution 
of the throw, until it van¬ 
ishes. This implies that 
the strata are very gently 
arched along the plane of 
dislocation, upward on the 
upthrow side, downward 
on the dot\mthrow. That 
this curvature is not dis¬ 
tinct to the eye is for the 
same reason that the earth 
appears to be fiat, so little 
of it can be seen in any 



— Xormal. hish-unsle fault. Port 
Namarch. \\ c^urv. (W. Hrit.) 


Fig. 221 


one \new. 

Faults, in most cases, 

produce verj* great effects 

upon the outcrop of the 
strata involved, effects which are sometimes very deceptive atter 

denudation has planed down the scarps, and when beds of eco¬ 
nomic value are concerned, failure to detect faults may lead to 
serious loss. The manner in which outcrop is affected is de¬ 
termined bv the direction and throw of the fault and by the 
attitude and dip of the beds. Strike faults of moderate throw that 
traverse horizontal beds, or beds dipping in a direction opposite 
to the hade of the fault, repeat the outcrop of the beds, as shown 
in Figs. 211 and 222. WTien dislocated by a series of step faults, a 
given stratum has a number of outcrops greater by one than the 
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number of faults. In Fig. ■ 22 - 2 , tor example, svhich is a rnMel of 
raetual area in the English coal measures, a surveyor ought eas.ly 
Z m sled into Wieving that seven seams of coal uerc cropping 
™t on the hills and in the shallow valley bettv^n them, whereas 
r reali V there are only two such seams, with outcrops repeated 

t 'r onhe rma a »tin nlL of the beds abut aga.ns, the 
the dip of the ut , s surface, as may be seen from 

,^ 3 “irgre« faults with displacements of many thousands 
SNet the jrcro^ptng out on the two sides of the fault am 



.,3 - Edect 0 , step fault, in repeating outcrop.. (Model by Sop^.« 

entirely dtherent. The dol“ 

fa'iit.' is often so defined as to include 

low-angled faults, or waU has been push^ 

those high-angled upthrow side, towaid 

which the fault plane had together and occupy less 

always parallel to the sxn'e,^ ^id l^fore 

space, when measured ^ reversed faults 

dislocation. In a large compensating com- 

frequently kinds of dislocations appear to 

pnncsion i" «“>*"; .une or in close succession, 

have been formed at tne ..a-u 
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The name, normal and r.ve:^d -e 

.here the former class 

could complete the colo^^a would found to 

out the world, it is a question a= to t^mch cl..-s_ 

have the more numerous example^. ^ 

Dip Fault, are. in g^eral ^ more 

therefore cross pr branch ou. tro x -x- ' ,^,f ^^^..ilor-brow. 

or less at right angles, being generally .-.n.-T-.^-r .. 



Dip faults cut across the strike of the beds and interrup- 'he crmunu- 
ity by producins an offset in the ou'crop of a given stra*um. which 
ceases abruptly^at the Une of fault and. when found on the other 
side, is seen to be shifted for some distance along that hne. How 
such horizontal shifting is brought abxtut by a vertical movenient is 
shown by the model, Fig. 2'24. In I Ls seen the model before fault¬ 
ing, the black band representing a dipping bed. In II the block 
has been faulted, the upthrow side standing as a fault scarp, while 
III shows the scarp removed by denudation. On the do^mthrow 
side the outcrop is shifted in a Erection opposite to that of the dip 
of the beds amd, on the upthrow side, in the same direction as the 

dip. 
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j- f rnt<^ icro^ eroded folds, the distance between 
When . d.p fnul tabs ot an an.i- 

the two outciope th diminished on the down- 

,s t-«ajed;yhe np^ 

throw; m the 

both sides are planed down to the 
same level, the surface of the 
ground cuts through the beds at 
a lower stratigraphic level on the 
upthrow than on the downthrow 
side and, as the limbs of an anti¬ 
cline diverge dotvmward, the out¬ 
crops ^iU be the more widely 
separated the lower the level at 
which they reach the surface. The 
limbs of a syncline converge down¬ 
ward and the effect of a dip fault 
upon the outcrops is the reverse 
of what it is in the anticline. 

Oblique Faults. Dip faults do 
not always exactly follow the dip 
of the beds and strike faults often 
de^date considerably from the 
strike, and sometimes the fault is 
neither one nor the other, but 
midway between the two, and is 
then caUed an oblique fault. The 
outcrop of a given bed, obliquely 
faulted, has an offset, as m tte 
case of a dip fault, but ff the ob¬ 
lique fault hades wnth the dip of 
the beds, there is a gap between 
, the two adjacent ends of the out- 

the two ends of the outcrop overlap. 



■Fir 224 — Model showing offset 
„,o°,'c;oppingb«lbX./ip';^^ 

I. before faulting; IL fault scarp 

standing; III, scarp remo%ed. 


ll Hormnlal FanlU (or Heaze FouUi) 


ove 


-- ' • • f 1 
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Fig. 225 . — Model illustrating hori¬ 
zontal faulting, with hanging waU 
moved against dip of beds. L pper 
figure (modified from Ransome), 
block after dislocation. Lower fig¬ 
ure, cross-section on plane SSSS; 
BB, B'B', stratum of reference. 

FFFF, faultplane. 



Ftg. 226. — Model illust rat ing hori¬ 
zontal faulting, with hanging wall 

moved with dip. L pper figure (mo(fi- 

fied from Ransome), block after (hs- 
location. Low'er figure, cross-section 
on plane SSSS. Lettering as in Fig. 

225. 


cause a horizontal offsetting of the outcrop. This is lUustrated 
by the models, Figs. 225 and 226, which shows that if the hanging 
waU is moved horizontally in a direction opposite to that of the dip 
of the strata, an apparently normal fault will result, while if it is 
moved in the direction of. the dip, a seemingly reversed fault will be 
nroduced. Horizontal faults do not form scarps, for there is no 
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vertical movement, but in certain ca?es there is a movement 
obliquely upward, as is sho'am by the slickensides. 4Miat would 
ordinarily be regarded as typical normal and reverse-d faults ma\ 
be produced bv the same movement. Heave faults were supposed 
to be rare, but are now known to Ix' quite common; the amount 
of dislocation in them is limited, as compared with the vertical 
faults, which allow any degree of upward movement, but when 



Fig. 2-27 


Horiz'Tntal slickensides. Okla. 


a*, s. G. sj 


the mosaic of fault blocks, large and small, in nearly any mining 
f t -tudied it becomes ob\ious that almost an> possible 

direction ^of movement will assuredly be manifested by some 
of the blocks. 

Ill Rotators Faults 

iSSSSsgS 

anv movement ot translation, ihe ^ normal fault, 

a fault, .ha e.ec, of 

a single movement. 
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system, of faults of differou, Wef 

the same region, mtcraecting faulted and offset. The 

fault, crossed by a newer one, . ^ 

intersecting faults net tons, but, as a 

rtde, *^**'‘^“«,7Vr^1Lre t neve^^^^^^^^^^ frequently a 

It” n"^t«een faults and 

faults, the strata bending m one part of their • , 

another. 

B. Low-Angled Faults Thuuhts 

A thrust is like a reversed fault in that the hade is toward the 
UDthrow side which is the hanging wall, and several writers include 
^hpmTtbritegory of reversed faults. It seems better, however 
to make a separate major division for them because of the different 
manner of their production and their association with violent 
compression and folding. The surface of dislocation in thnists 
tends to assume a horizontal position and hence the term of low¬ 
angled faults.” This is not invanably a suitable designation, 

for sometimes thrusts have quite steep f ^ 

Rocky Mountain region of Canada and the United States. In 

the Front Range of the Rocky Mountains there is a dea 

of thrusting, the overlying masses having teen earned ward 
from 7 to 10 miles. The northwestern Highlands of Scotland ex 
hibit thrusting on a gigantic scale, quite dwarfing the puny move¬ 
ments in the Rockies. For nearly a century the structure of hc 
Highlands completely baffled geologists until the solution of t c 
enigma was found by Me.ssrs. B. N. Peach and John Horne. In 
one of the Memoirs of the Geological Survey of Great Bntain 
a907) the labors of many years were summed up. Mr. Horne 
writes: “By lateral compression of the earth’s crust the rocks 
have teen thrown into a series of folds, usually inverted, accom¬ 
panied by several faults or thrusts. ... In the middle limb of 
the over-fold the constituent particles arc attenuated, and along 
that limb, the over-fold may or may not pa.ss into a reversed faulty 
“ Without incipient folding the strata are repeated by a series of 
minor thrusts or reversed faults, which lie at an oblique angle to 
more important dislocations termed by us major thrust planes. 
“Thrusts of smaller magnitude, when followed along the strike, 
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mav mergf in’o In thn Hie:hland? rock ma??*:'? have been 

carried bodily more than fithy mile? over the un>acldmE "?nle" 
of the thrust plane. The minor thru>t>. parallel to one another 
and oblicpie to the major thrust plane, make the structure calleii 
i>nhi-rn("K whicli is due to friction lietween the movine masses 
alone the sole, as the upward facing >urface of the thrust plane i:- 

1 ,■ Af -U 

Thrust? are also common in the Appalachian ^Iountaln^. t^herc 
they are generallv caused by the breaking of folds, which are 
sheared by compn-sion. The irregular occurrence of folds .md 





Fig. 2'2S. 


(Geol 


urIf: m enc^ .cuon oe .cn.™^ 

v.rv ihiok liinn'lono. which under lew lead broke 
fwrihrnei a. an earUer cage of developn^n, of .he fold- 

than where it wa- more hea\ilN loaded. 

Thriwe of email magni.ude are frequen,l>- produced nea 

] \n overthrust is pro.luced when a mass of strata is p 

„„c on .mylelding, underbing "'ye- and he 

wl-.ieh the tranelation le ehected le called ^ 

...... ..nn of several minor tractures steeplj mcuneu 


im 
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•ole the ‘Structure which has been called imbricated and which is 

near the surface of the earth, -bncat on . theoretical > 

at least, inevitable, but may not occur if it . ‘ . 

underthrusts the moving mass is pushed beneath a stationary block 

Lnd the outcome is the same, except that if the bottom of the trans- 

lated block is exposed, there must be a second sole belmv and the 

undorthrust mass must be a wedge. 



Fig. 229 -—Thrust, Carmel Head, Anglesey. Wales. (Geol. Surv. Gt. Bnr.) 


C. The Causes of Folding and Dislo* ation 

Like all operations w*hich take place deep within the earth, the 
causes of crustal deformation are incapable of direct observation 
and are very obscure. There is therefore much difference of 
opinion regarding these processes, for the \iew which is held con¬ 
cerning the physical state of the earths interior will nece>>aril\ 
detemiine possible hypotheses as to the genesis of folds, faults, 

and thrusts. 

The first step must be to ascertain, if possible, the direction in 
which the folding and dislocating forces acted. It might seem 
ob\dous, on a superficial examination, that the direction was ver- 
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ticaUy upward, with maximum pressure beneath the anticlines 
Ind IhLum beneath the sjmchnes. But such an explanatmn 
could, at most, apply only to the upright, symmetncal, a^o^n 

acting upward would stretch the beds in the antichnes, or folded 
stota measured across the axes of the folds, occupy less space 
than l^fore, unless they have been stretched JJ^e sheets of mbter^ 
In most instances the beds are thicker in the f^^^ed portion of 
their course than in the undisturbed area of the saine ^ds. So 
times, it is true, beds are thinned in the limbs of the anticlines, 
but then it is obviously caused by squeezing and flow, not to ten¬ 
sion. Such an explanation is entirely inadequate to account for 
closed, inchned, and inverted folds, to say nothing of contortion 
and phcation, or for compound folds one within the other. - i- 
croscopic examination of folded rocks shows clear endence of 
compression and the more intense compression as the foldmg i.- 


closer# 

If the folding force did not act vertically, it must have done 
so horizonfaUy, tangentially to the cur\-ature of the earth, a fact 
which is now almost universally conceded. A horizontal force 
would compress and crumple the beds, producing different types 
of folds according to conditions, such as depth of burial, which 
determines the amount of overload. The same bed which, near 
the surface, will shatter under compression, will bend, when 
sufflciently loaded. Different rocks behave very differently under 
the same compression; shales will fold when accompanjung rigid 
limestones are, seemingly, quite unaffected. Thrusts, like folds, 
are due to compression, for the space occupied by the beds is 
reduced from the condition before dislocation. Both folded areas 
and those contracted by thrusting are subject to vertical upheaval, 
as will be more particularly seen in the chapter on mountain ranges; 
this upward movement may take place during or after compression. 

The direction of movement in high-angled faulting and the 
manner in which the force acted upon the fault blocks are much 
less obvious than in folding or thrusting. Across the fault plane, 
normally faulted beds occupy more space, by the amount of the 
heave or horizontal throw. From this it has been generally 
inferred that normal faulting is due to tension and reversed faulting 
to compression. This may have been true in many locahties, 
but it is usually impossible to say with confidence just what the 
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direction of movement of fault blocks has been. In a normal 
fault the downthrow side seems to have sUd down the inclined 
plane of the fault surface, but the same appearance would be given 
had both sides been raised by compression, the upthrow more 
than the other, which would give the necessary additional space 

demanded by the heave. 

In some instances normal faults have been generated by ^m- 
pression acting from the ends of the faulting, arching the upthrow 
side upward and the downthrow downward, thus Producing 
tension at right angles to the line of compression. Faults of this 
description have been observed in central Pennsylvama, Ten- 

110SS6C1 Sriid Al 3 (b 3 .ni&. 

That horizontaUy acting forces are the causes of compr^^ 
is generaUy accepted and that vertical movements may also be 

due to compression is probable in certam i^tanws. 

The form^ation of trenches and rift valleys lUustrates the dif¬ 
ferent interpretations put upon undisputed facts. One explana- 
t^n of the west Rift Valley in Africa is that the ™nse crack 
was torn open by tension and the wedge-shaped block ^ch forms 
the bottoiTof the valley was dropped down between the two u^ 
throw sides. If the latter remained relatively station^, t^ 

its strata would be folded a pomt wtncn n^ 

for the dropp)ed downthrow block • * • ort hv 

hypothesis of tension is the one Wavland 

opimon, for elevation of Mount 

between which Lake Alber , 

Ruwenzori, a mountain bloc' w 

The pla.eauB and Ruwenaon The 

whole great structure ts a on inclined 

on wedge-shaped masses. PP® 

mt"many direct upheavals are noMo 
Lcrcon=Xa= 1^4h oTers relee. 
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it altogether. The contraction hypothesis can best D' considered 
in conLction with the .study of mountain ranges and w.l be tak<-n 
up in Chapter XXL Here it is merely mentioned for the ^akf o 

completeness. * r ^ 

An entirely different type of explanation seeks to account for 

the phenomena of faulting by the transfer of molten magmas 
uithin the earth. In certain regions, as in the Tonopah m.mng 
district of Nevada, it has been made very probable that such 
transfers are the actual cause of the fracturing an.l disloeatirin of 
strata and some observers would give to this principle a genera 
application. Proof is lacking, however, that more than a local 
importance is to be attributed to this process. 
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so that the long axis of the columns ts at right angle, to ' ^ ‘ 
surface, or surfaces. The cracks follow lines of least f ■ 

thus accounting for their regularity in homogeneous roA, . 

which the hexagonal columns are so frequent. There a , 

three regular figures which will cover the whole of a plane surface 
and these are squares, hexagons, and equilateral t^angle^ . 
square requires for its formation the intersection of systems of 
four cracks radiating from equally spaced {xnnts; equilateral 
triangles must have systems of six cracks, while hexagons an- 
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Fig. 231. 


Hexagonal joint columns in ba>alt, Australia Creek, British 

Columbia. (Geol. Sur\'.. Canada) 


formed by sets of three cracks radiating at angles of 120 from one 
another. * As the hexagons are not mathematically pf‘rfect figures, 
small irregularities are compensated by occasional triangular or 
pentagonal prisms. As the column-s form they contract length¬ 
wise and are broken up into a series of segments by transverse 
cracks. In the famous Giants' Causeway, on the north coast of 
Ireland, which the sea has cut down into a platform seemingly 
paved ti^ith hexagonal blocks, the transverse joints are concave, 
forming shallow balls and sockets, astonishingly artificial in appear¬ 
ance. Owing to the method of formation, the cracks working 
inward from the cooling surfaces, the columns are vertical in sheets, 
sills, and lava streams, horizontal in dykes. In irregular bodies, 
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are to be seen would include almost all count ne. and ' 

world, so widespread is this mode of jointing m la%as. >cf h > 
never fail to excite wonder in the beholder, so surprising is their 

look of artificiality. . 

Many of the granites and other coars<‘-gramed igneou> rocks 

are ciuite regularly jointed into rectangular, mon- or less cubical 

blocks, or long prisms, or broad slabs and iilale.'-. . lono i le 



Fig. 233. 


Jointing of granite, eafion of Animas River, C'tln, 

bv Cross, I’. S. (r. *S.) 


(Fla*togra|ih 


columns of granite, forty feet or iikut* in hc*ight, like those in the 
United States Treasury in Washington, are yif4d(‘d by inanN' 
quarries; other granit(^s are in slabs, and f)ttiers again have* joint 
blocks that are extrenudy irr(‘gular in form and sizee A iHa-uliar 
feature, present in many granites, is \he system of curved partings, 
too obscurely mark^ai to lx* called joints, which are developed by 
weathering and result in the dome-lik(* rii:is<(*s. whieli an- dis¬ 
played, on very different scal(*s, at such wid(*ly separated plac(*s 
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as the Yosemite Valley, California, and the Matoppos Hill- of 

ThrSabase of the Palisade sill, which has the eolumn.ar joint¬ 
ing on the river front, is in other exp.,sores excee.lingly tro golar 
in the size and shape of the blocks .Pig-, o and t, , It. the 
Bergen Cut, by means of which the Peiinsyivt.nia I.ailr..,.d "*>'e- 
Jer-ey City there are some very largo slulr-, with many <mall 
and irregular blocks. At Rocky Hill, X-w .Jer-oy, tlu if i- o, 



Fig. 235. 


Horizontal columns in Wa'^ulf Mull, Artrs 

(Clcol. Siirv. (.'it. Brit.) 




• T \aU(\. 


marked a tendency to jointing in horizontal plat os iFic. 73' as to 
produce a deceptive appearance of .stratification. 

As igneous rock masse.s are subject to liia.stn>phic movtauent 
and are elevated and depresscul, fault(*d an<l owrthru.''t like other 
rocks, many joints must lx* due to such movtanents, hut tlu-re is 
no way of distinguishing them from the shrinkage crack- <>1 e(H)ling. 

In sedimentary rocks a certain limiTtal amount of jointing i- dm* 
to settling and shrinking of drying sediments, of which mud 
cracks are an instance, but most of the joints of straiififul rocks are 
due to diastrophic movements subseciuent to the consolirla?ion 
of the rocks. Joints are in more or less parallel which meet 
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»nth smooth, plane faces, ver>- different from the rough surfaces 
of a fracture, shoo-ing the reality of even an invisihle Partmg^ 
Although joints dimmish do^mward, no level has yet been r('ac ec 
in which they entirely disappear. It may be inferred, however, 
that they are absent in the lower parts of the earth’s crust. 

The art of quanting stone for all sorts of purpo.-=es consists in 
taking advantage of the system of joints to dislodge the blocks 
^v-ith a minimum of effort. The quarry front is so worked that 


one set of joints form 
the face and another 
set the ends, which en¬ 
ables the workmen to 
wedge out the blocks 
and not cut into the 
face ^dth pick and 
chisel as though it were 
a bank of earth. Blast¬ 
ing, skillfully managed, 
is so de\'ised as to 
loosen great masses of 
joint blocks mth as 
little shattering of the 
blocks as possible. Of 
course, when the ob¬ 
ject is merely to remove 
the stone, without util¬ 
izing it, as in tunnels 
and excavations, no 
precautions against 
shattering need be 
taken. 

1. Tension Joints. The convex sides of folds are under tensile 
stress, and if they are not deeply buried, the stretching may result 
in a svstem of cracks which are radial to the curves of the folds 
and which follow the strike of the beds. Folds are not horizontal 
longitudinally, but pitch in the direction of their axes, and this 
complex bending may produce two sets of tensile stresses, per¬ 
pendicular to each other, and thus cause two sets of joints, one 
following the strike, the other the dip of the beds. Tension joints 
produce--either rough and irregular, or smooth, clean-cut faces. 



Fig. 237. — Torsion joint:; in runirtzito. 
nington Co., S. D. (Photograph hv Johari.-N^Ti 

U. S. G- S.) 
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:t- i> (iet^Tininoa by the character of the rock. In weakly cemented 
-and'tones the j'lint planf*^ pas.-^ Ix-twaHn the ^and-(E^aln^•, whiW 

in hanl, firm, and fine-graine-l rock^ th.' fac^-< art- -rn.H_,th. 

2 T.,T.irsion nican-< t\vi>ting, and though tor¬ 

sional strossos niav lx- analyzed into tensile and oornprr-wiv.- 
.tres,s<.s, the c-onibination i- quite diffen^nt from either con.p.-.nent 
It is difficult to imagine any diastrophic movement, whether of 
warping or of simple elevation or depression, which should Ix m 
uniform and so evenlv supporte.l at all points as not to give rise 





Fig. 23S 


Rectangular joints in limestone, I^.mmond Island. Mxh. 
(Photoexaph by RusseLl, I . ^ 


to torsional stresses. Daubr^'s famous experiment of twisting 
IMieet of plate glass shows the result of such stresses u^n a 

C ver^ S Oe movem™, «ed bo i. ,how„ by ,ho pn-v. 

“r J,» 






CLEAVAGE AND 


FISSILITY 



form an angle of 45° or more vvath tne airecxion m 
The shears produced on the limbs of folds are strike joint-. ( ip 
joints may also be formed, but less regularly. In .-ome con¬ 
glomerates the joint planes shear through hard quartz jx-bo e.s 
and sandy matrix alike, t^ith a smooth and .-hining fact on t x 
pebble. Tension would assuredly pull the pebble out of its tx-d 
but could never tear it in two; only shearing culd produce so 

clean-cut a parting. 



Fig. 239. — Rectangiilar joints in hard shale. Shnshune Co., Idah'j. (Photo¬ 
graph by CalkinS; L*. *S. G. S. ) 


A. Cle.wage and Fis.sility 

Cleavage is the capacity of a mineral, or a rock, to split in 
certain directions more easily than in others. Mineral cleavage, 
which has already been considered in connection with the rock- 
forming minerals t^p. 26j, is due to the molecular structure of the 
crystal, while rock cleavage, often called dtnatgt, is caused 

by the character of mineral particles, visible under the microscope. 
“Rock cleavage is due to the arrangement of the mineral particles, 
with their longer diameters, or their readiest cleavage, or lx)th, in 
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a common direction, and this arrangement is caused; first, and most 
important, by parallel development of new minerals; second, by 
the flattening and parallel rotation of old and new mineral par¬ 
ticles ; and third, and of least importance, by the rotation into 
approximately paraUel positions of random original particles.” 

(Van Hise.) 

The new minerals, to the development of which rock cleavage 
is <o laro-ely due, are few in number and include the micas, chlorite, 
hornblende, quartz, and the feldspars. Other minerals function 



F,c --40 - Cleavage in slate; foreshore of River C^d, Wadebridge, 
Fig. -40. England. (Geol. Surv. Gt. Bnt.) 

in similar manner, but very' much less frequently. Two sorts d 
rock cleavage are distinguished: “Fracture cleavage is con^tionec 
bv the existence of incipient, cemented, or welded paraUel fr^ 
tures and is independent of a parallel arrangement of the 
const’ituents. Flou- cleavage is conditioned solely by a parall 

""'^in^rPro^elm ATam'sld^c^^ Cambridge, 

axes of the their parallelism to or 
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another, or in Sedgwick’s phrase, “preserving their parallelism 

in spite of undulations and anticlinal lines. 

Ordinary roofing slate is a typical example of fiow cleavage. 

from which the term datij ck<iv<i(jc is derived. When beds ot 

slate are interstratified with beds of coar.-^er material, the cleavage 

is usually quite perfect in the slate, absent or imperfectly developed 

in the coarser rocks. 

The cause of flow cleavage is undoubtedly compn-ssion, for it 
occurs only in comprcs.<ed rocks as indicated by the folding, and 
it is unknown in horizontal strata. The microscopic structure of 



Fig. 241. — Fissile rocks, Lehigh Oap, Penn. (Ool. Surv., Penn,*) 


a cleaved slate is also clear evidence of strong compression, but 
there is some difference of opinion as to the direction in which tin- 
force acted. Both observation and experiment with clay and 
wax agree in indicating that cleavage plane- an- normal to the- 
stress, and most geologists accept this \'iew, though some maintain 
that cleavage develops along the shearing planes. 

Fracture Cleavage^ To a certain C‘Xt<*nt, these arc 

sjmonymous terms. In fissile rocks the parting into paralUd lam¬ 
inae is not merely potential, but has actually taken placi^ along the 
shearing planes and the laminae are therefore steeply inclim-d, at 
angles of 45*^ or more, to the direction of th(‘ compressing stress. 
In fracture cleavage, by definition, the partings have been closed 
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,y cementing, or welding, and has become potentiaL ^ a sen® 
J strongly compressed rocks flow cleavage is produ^ in the 

Jol, fr^tur! cleavage in firmer and coarser rocks and along the 
shearing planes. 

B UxCOXFORinTY AXD 

Xld" Instance. dias.rophic „«ve.an., .o.dip. 



folds of slates and limestones, Isiana 

Surv. Gt. Brit.) csfrata 

or faulting, to whiA they “u^t^erSpted succesaon, 
which have thus ^a^es and have been sunilarly 

ture is one of confonmiy_ divisible iido 

in an exposed section, t conformable beds, but A' 

2 oo?r— -- -« 
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it lies upon the upturned and truncated edges of the 
the underlying group, or upon their eroded surfaces, 
structure the two groups of beds are said to be unco 


strata of 
In such a 

nfunnahlc, 


and the relation is one of unconformity. 

The term unconformity is used for all kinds of 
between superposed groups of stratified rocks, making 


discordance 
dist inctions 


for the various kinds of di.scordance. 



Fig. 243.—Angular unconformity, horizontal Triassic hccl.s on inclined 
Moine gneiss, Southwestern Mull, .Scotland. (Geol. .Surv, Ctt. Hrit.) 


Angular unconformity, or nonconformity, indicates a difference 
of dip between the two series of beds, the upper resting upon the 
edges of the lower, though the difference is by no means so great 
in all cases. Sometimes the difference in dip is slight and hard to 
detect, in other instances it varies from point to point. 

Disconformity is the term used when there is no difference of 
dip between the two sets of beds, the upper series laid down upon 
the worn and eroded surfaces of the lower. 

In any kind of unconformity there has been an interruption in 
deposition between the two groups of strata, a time unrecorded 
in that area, which, from the geological point of \iew, may be 
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relatively short or unimaginably long. On account of this break 
in the records, unconformities were reUed upon to demarcate the 
major divisions of geological time, in the early history of the 
science. It so happened that in northwestern Europe, then the 
only part of the world geologically known, unconformities were 
very conveniently spaced for this purpose, but they are not as 
was at first supposed to be the case, of world-wide extent. This 
is a fortunate circumstance, for the gaps in the record of one re^on 
are in large degree, filled in from the continuous record of another. 

Unconformities may occur in any kinds of stratified rocfe, or 
between stratified and massive rocks, but the most si^cant 
breaks are those between groups of marine beds, and, under such 
conditions, the interpretation of an angular unconformity is as 
follows : (1) The most ancient series of beds 
the sea bottom in water of shaUow or moderate dept . ( ) 

sea bottom was then raised by a diastrophic movement i^ land, 
either folded, tilted, or faulted and dislocated (3) The n^ 
land surface was attacked by denudation, the folds t™nca^ 

H the new land surface was raised very Uttle above ^-leve 

Ludation might have acted tt 

land surface was again depressed and was mimdated by the sea, 

uDon the bottom of which the second and overljrag of stra 
:„Ta r y ett lln-lifis, and cahoas made seCiona thmugh 

;rre""ntact ...ween them^ “a 

strata imo instances, countless millions 

ofTea^rl ^oUTedirpassed between the formation of the older 

is essentiaUy the same as m both sets are 

terence in dip between the two tilted to. 

horizontal and mthouj ^„<,t aecomp^ed 

fy .dting, faulting, or 

reUef, which has been worn deposition of the 

the renewed transgression of the sea a 

of beds. 
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It sometimes happens that, in the erosion of a series of horizontal 
beds, denudation may long be halted by the uncovering of an 
especially hard and resistant bed, especially if that hard bed lies 
at or but little above base-leveL T\Tien the sea returns and 
sweeps away the soil which has gathered upon the resistant stratum, 
laying bare its surface, which then formed the sea bottom, and 
deposition was renewed, the upper series may appear to succeed 
the lower without a break. This is called a deceptive cori.lormity. 



Fig. 244. — Disconformity between Cretaceous (below) and Eocene strata 

near La Jolla. Calif. (Photograph by Arnold. U. S. G. S.) 


and the real gap in time may easily be overlooked, especially if, 
when deposition was renewed, the same kind of material was laid 
down as that of which the hard bed is composed. In the Rocky 
Mountain region there are many exposures where a Carboniferous 
limestone seems to follow immediately upon one of Ordovician date, 
with no visible break except in the contained fossils. Here the 
many million years of the Silurian and Devonian are unrecorded, 
with apparently nothing to indicate the omission. When such 
deceptive conformities are traced far enough, however, their real 
nature is generally revealed by finding a disconformable contact. 
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The existence of a disconformity, when none is apparent, may 
sometimes be detected by finding structures which affect the lower 
and older but not the upper group of beds. For example, the 
lower series of strata may be faulted, or intersected by a dyke of 
igneous rock, the fault, or dyke, ending abruptly at a certain level, 
when it might be expected to rise higher; there is an mdication 
of a concealed disconformity. If there are several such structures 
in the lower beds and all end suddenly at a particular level, the 
disconformity is almost certain. The lowest member m the 
upper series of strata in an unconformity is very frequently a con¬ 
glomerate, or coarse sandstone, and represents the beach formation, 
L sea advancing over the old land. These hasal conglomerates, 
as thev are called, while vw characteristic, are not always 



Diagram of disoonfomuty and 
overlap. 


Overlap. When an eroded land surface is inundated by the 

sea the depression is ordinarily a gradual one and the valleys are 

first submerged, the waters slowly rising, untfi the hilltops are 

covered. Deposition thus begins on the valley flooi^, and if ther« 

are sloping sides, each 

bed will extend farther 

than the one upon which 

it lies, and thus in a thick 

mass of strata, if the 

shehdng bottom be gently 

- inclined, the upper beds 

Fig. 245. — Diagram of disconformity and ^ extend far beyond 

overlap. lower ones, or overlap 

,hpm Overhp also occurs where the sea is traiusgressmg slowly 

across a subsiding land surface. 

exceeding that of “^an ,he one beneath it and 

c:nc“?d;^o,°!he lattei The relation of overlap is between 

“o'frutT^c^rl^rportance, if one . 

lower 

tfe”round to indicate that the ^ 

sandstone a. the the rmlirot the older 

TW co’'n.L.'‘ might 'luU* a fault, or an overlap, and. 
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in either case, the advisability of making an exploratory boring 
with a diamond drill before sinking a costly shaft is clear. 

Unconformities may exist on any scale ; they may be local, or 
extend over a continent; a few would seem to be nearly universal 

and affect all lands. 

Contemporaneous Erosion. The definition of unconformity, as 
given above, includes certain structures which it is important to 
distinguish as having an altogether different significance. One 
of these structures is contemporaneous erosion; this is produced 
when a current of water excavates a channel for itself in a still 
soft and submerged mass of sediments. After the current has 
ceased to flow, or has been diverted, renewed deposition fills up 
the hollow with material which is generally of the same character 
as that which was thrown down before, but is sometimes different, 
because of a change in conditions. Erosion of this kind involves 
only a short pause in deposition, not a long, unrecorded inter\'al, 
nor is any diastrophic movement of elevation or depression required 
to produce the structure. Furthermore, contemporaneous erosion 
is a local phenomenon and, though in a limited section, it may not 
always be easy to distinguish it from a true disconformity, the 
difference becomes plain when a wider area is examined. If the 
structure is an example of contemporaneous erosion, the two 
series of strata will be conformable except along the line of the 
channel. 


The clay horsesj as miners call them, which frequently interrupt 
coal seams, are the channels of streams which meandered through 
the ancient peat bog and were filled with sediment w'hen the bog 
became submerged. The horses are usually of the same rock as 
that which forms the cap or roof of the coal bed. 

In the vast areas of river deposits, of Tertiary date, which cover 
so much of the Great Plains from Canada to Mexico, are great 
numbers of filled channels exposed in the wild and extravagant 
erosional forms of the bad lands. These channels, cut through 
the regularly stratified deposits of the flood plains, are filled with 
coarser materials, indurated pebbles and cross-bedded sandstones, 
and, on casual inspection, might be thought to be unconformities, 
but they are contemporaneous with the beds through which they 
are cut. 

Cross Bedding. Another kind of deceptive resemblance to 
angular unconformity is occasionally caused by the alternation 
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of horizontal and oblique bedding in deltas or current deposits, 
a horizontal bed resting upon the upturned edges of a series of 
inclined layers. A conspicuous illustration of this is afforded by 
the Le Clair limestone of Iowa, which was, at one time, entirely 
misunderstood. It is usuaUy not difficult, however, to recogmze 

the true meaning of this structure. , . u • 

Outliers. An outUer is an isolated mass of strata whic is 

surrounded on all sides by beds older than itself Not that the 

older beds must actually rise to the level of the outher and mclose 

it bodily, but, as viewed on- a geological map, which brings all 

larities down to one plane, the older beds appear to surround the 

outlier. The latter has been cut off by denudation from its former 

connections, from which it is separated by almost any distance, a 

Jew feet or a great many miles. Outhers are thus monumen s 

which show, partially at least, the former extension of strata 

which have long been subject to erosion, though it is never certain 

That the farthest outlier was at the original margin, and one may 

eeneraUy be confident that it was not. It gives, howe\er, a line 

for the Minimum extension of the beds. In the later part of the 

Cretaceous period ^Te Cc^olnn. 

preset elster^order of the rocks deposited in that sea r^ 

throug present line of the 

MfssWpV Kiver. Outliers are nearly always made up of bon- 
zontal strata, or of 

A fa uUed au her is that « due ° ^ ^ 

r rn *0 aownth^w .th reference 

to the blocks on each side of it. necessarily being isolated 

'"'■'"f sf^ia tToTer Xsol^teTlrp^of older beds, which 
masses of strata, but y underground they may be 

are inclosed in new stra , g ^ 

continuous surrounded by beds which are 

larger or smaller mass o antichne or 

geologically younger than it.e . . exposes older strata 

Xh^tifdl" onron'the sides.. J»e. a« aUo Mted 
Si" XXXh « to bith sides of the block. 
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When the projecting scarp has been planed away, older beds are 
flanked on both sides by newer ones, all at the same level. 

Outliers may be converted into inkers by the deposition of newer 
beds around them. The isolated stacks and pillars on the sea 
coast, such as are seen in Figs. 168 and 169, are outliers, but a 
downward movement, submerging them under the sea, wou 
result in surrounding them with later deposits and thus convert 

them into inliers. 
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CHAPTER XXI 


RANGES 


The word mountnin is loosely employed in popidar speech for 
any high land, the summit area of which is small, as compared 
lilh a plateau. In such usage the distinction between mo^tam 
and hih is a question of height and therefore one class grades 
STo the other Some so-called mountain peaks and ndges are 
but fragments of dissected plateaus, such as Lookout Mountam 
onH MSionary Ridge in Tennessee, the Allegheny Front m 

Pennsylvania, Table Mountain at Cape Town, and 
Lh Luntains usuaUy have flat tops, and are made up of ne^ly 

horizontal beds and owe their existence either to then 
Tei composed of more resistant rocks or, much more frequently. 

Another type of mountain is the volcamc cone which may be 

or Shoshone Mountains, a Yellowstone Park, is sculp- 

of sedimentary rock. ^ fissure eruptions, others 

CpBts, beUev<Ki to be -i- “ ^ ^ "e LanU the 
derive it all from one gigantic ^ i^tead of 

molten magmas have pushed "P of plu- 

breaking through m a ^ ^^ay occur separately, 

as in the scattered of southern Utah), or 

HiUs, or in groups (Henry i Mountains, 

they may form extensive parts of true ranges t 

Colorado). , ,, i mountains, which are 
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not be involved. The Basin Ranges, short parallel ranges in the 
Great Basin (Nevada), are t^iical examples of block ranges, and 
Ruwenzori, which rises out of the western RRt \ aUey of central 
Africa, is a fault block. The Coast Range of California, though 
its strata are considerably folded, is yet principally a ^nes o 
fault blocks. The latest study of that range enumerates and 
maps fifty-seven faults and twenty-four blocks m the middle part 

of the state, south of San Francisco. (Clark.) 

The lofty St. Ehas Alps of southeastern Alaska are formed 

from a tilted block. Block ranges are comparatively short and 
few of them are of great height. 

The great ranges of the earth are, so far as they have been 
studied, mountains of folding and differ materiaUy from the pre¬ 
ceding classes both in structure and mode of origin, though in 
certain instances, as in the Sierra Nevada of California, both 
folding and faulting had a share in forming the range. Certain 
terms used in the description of mountains of folding must be 
defined as a preliminary^ with the pro^^so, however, that there is 

or Pvnptitiidp in the use of these terms by various 


writers. 

A Mountain Range is made up of a series of more or less parallel 
ridges, all of which were formed within the limits of a single geo¬ 
syncline (see p. 422) or on its borders. The ridges are separated 
from one another by longitudinal valleys and may be formed by 
the anticlines or, in more eroded ranges, by the outcropping of 
the more resistant structures, or strata. A true mountain range 
is always very long in proportion to its breadth, and its ridges have 
a persistent trend. These characteristics distinguish a range of 
folding from the ridges carved out of a plateau by denudation. 
The Appalachian, Wasatch, and Uinta, Front Range of Colorado, 
the PjTenees, Carpathians, etc., etc., are well-known examples. 

A Mountain System is made up of a number of parallel or con¬ 
secutive ranges, formed in different geosjmchnes, but of approx¬ 
imately similar dates of upheaval. The Appalachian system 
includes the Appalachian range, running from New York to 
'Georgia, and the Ouachita range of Arkansas and Oklahoma. 
The Acadian range in Nova Scotia and New Brunswick is usually 
regarded as part of the Appalachian system, but Professor Schu- 
chert ha.s recently given strong reasons for regarding it as much 
earlier in date. The Rocky Mountain system includes the many 
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ranges of Colorado, Wyoming, Montana, and western Canada, 
though the geological date of many of these ranges has not been 

precisely determined. . 

A Mountain Chain comprises two or more systems m the same 

geneml region of upheaval. The Appalachian chain includes the 

Appalachian system, the Blue Ridge, the Highlands of New Jersey 

and the Hudson, the Taconic system of western New England, 

the Green and White Mountains of Vermont and New Hampshire, 

and the Acadian range of Nova Scotia and New Brunswick. 

A Cordillera consists of the several ranges, systems, and cha^, 

whatever their geosjmcUnal relations and dates of formation, that, 

ha^ung the same general trend, occur in the ^me region of a con- 

Rnent ver.^ broadly considered. Thus all the mountains of the 

Pacific Coast and Western Interior regions, the Rocky Mountains, 

Wasatch, Uinta, Basin Ranges, Sierra Nevada, Cascades, and 

Coatt Ranges and their continuations in Canada and Alaska make 

Mountain, or TTestem Cordillera. The term is Spanish 

!i 1.L =.imnlv a range or chain of mountains, but is techmcally 

employ^ in tUs'country- tor the whole broad band 

and rhains which cover a belt nearly 1,000 nnlea wide 

nn the Pacific side of the continent. 

The u^ty of structure and origin of the mountam range make 

i, an es^luy favorable subject for the study of the general 

problem of ^ block mountains, a folded 

faring a^de „„,a; in the Appalachians 

rfhir .“of the i.i— 

hardly mora on^^torpotn, sTra“a is everywrhera 

charactenstic of foWed mo^.am . he W- " 

feet of strata, the Alps o0,(M ^ aonformitv is sometimes 

range are of unconformities by folding. 

^'ru^ril tTtr S lunialn ~*er than «« 
tains, is by tatnions of i^eons rockn 

There is very great diSerence b 

.ea.rd to the degree of compression to which tney 


accoi 



477 


mountain ranges 


subjected The Uinta range is formed by a single immense and 

thfbeds is so gentle that, except on the flanks, they seem to be 
nearly horizontal. The Black Hills of South Dakota are an oval 
dome, or an anticline with very short axis; the dome has been 

profoundly dissected, the higher, overarching strata removed from 

the summit of the dome and the granite batholith exposed and 
eroded. The highest point in the Hills, Harney’s Peak, is formed 


by the “needles” of granite. 

Such single structures as the Uintas and the Black Hills are 
exceptional. In the typical mountain range the strata are com¬ 
pressed into a series of parallel folds, which may be open, upnght, 
and sjTnmetrical, as in some of the ridges of the Jura iSIountains 
of northern Switzerland. In these the folding is so regular that 
a cross-section, such as may be seen in the river gorges, looks like 
a diagram. Much more commonly the compression has been 
very intense, causing the strata to form closed, as^unmetrical, 
overturned, and even recumbent folds. In the Appalachians, 
where the compression was not nearly so extreme as in many 
other mountain ranges, these overturned and recumbent folds, 
accompanied by great thrusts, are abundantly displayed. In 
the Sierra Nevada (California) the plication is so complicated that 
the thickness of the strata has not been determined. 

The Alps have been studied with the utmost care by a host of 
brilliant geologists, most of them, of course, Swiss and Austrians, 
but so unimaginably complex is the structure of these ranges 
that a comprehension of them has but lately been emerging from 
the confusion. The recumbent and extraordinarily elongated 
folds and the oft-repeated overthrusting have produced results 
that make the Appalachian structure seem to be simplicity itself. 
The Himalayas, highest of all existing mountains, have been 
crumpled and overthrust from the north, but the structure, still 
incompletely known, seems to be much less complicated than 


that of the Alps. 

In folded mountain ranges three zones may be distinguished; 
(1) A rigid, unyielding mass, which is not folded; (2) the zone of 
folding; (3) the zone of diminishing action, where the folding 
gradually comes to an end or is abruptly cut off by faults. Many, 
perhaps most, ranges are bounded by faults on one side or the 
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mountain 



,ther, as is true of the Sierra Xovada, Wasatch, arrd Uinta moun- 
ains. The mass toward which the overturned fold> incline is 
■ailed the fm-eland and may comprise either the ripd, unfolded 
•ocks or the zone of diminishing action, and the side trom which 
he compressing force seems to act is called by the German word 
Uinkrlmid, for which there is no English equivalent. A literal 
ranslation. -back country," has quite a different connotation, 
[n the Appalachians the foreland is the zone of diminishing action 
tnd on the western side of the mountains: m the Alps this 



Fig. 247.—^ynr-linal ridge, Mr. Penirix. Alborta. (CitM.l. .Surv.. Canada) 


arrangement is reversed: the foreland is the resistant mass, on 
the north: the hinterland the zone of diminishing action on the 
south. In the Himalayas the foreland is on the south; the 
hinterland, the unyielding mass of the Tibetan plateau, is on 
the north. In both Alps and Appalachians the foreland v.as 
away from the sea, from the direction of which the folding force 
would seem to have acted. 

The two main characteristics of folded mountain ranges are : 
il) the immense thickness of the strata of which they are built up. 

s 

much greater than that of the same strata in unfolded regions, 
and (2') the compression and folding or thrusting to which they 
have been subjected. Certain accessory structures, also depen¬ 
dent uDon compression, should be mentioned : [o') The major folds 
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of the first order, are themselves made up of successive series of 
minor folds in descending magnitude, the smallest of them visible 
only under the microscope, (b) Dynamic metamorphism is a 
very general feature of moimtatn ranges, though not universal; 
cleavage of slates and fissifity of sheared beds is a feature of 
the metamorphism. The microscope shows impressively how 
enormous the force of compression must have been, the mineral 
particles mashed and shattered and often rendered plastic and 
flowing like wax or wet clay in a press, (c) Intrusions or extru¬ 
sions of igneous rocks, or both, are very often associated with 
mountain ranges, but such association is not invariable. Most of 
the Appalachian range has no igneous rocks in it and none are 
known in the Uintas. Many ranges, on the other hand, have a 
bathohth of granite as a core. The strata which once arched 
over the core have, for the most part, been removed by denuda¬ 
tion and are now confined to the flanks of the batholith and 
hence the highest crests and peaks are of granite. This is the 
case in the main range of the Rockies and the Sierra Nevada; 
the bathohth in the Black HiUs, which appears in Harney’s Peak, 
is far older than the stratified rocks and would seem to have been 

upUfted with them. 

A. Origin of Mountain Ranges 

The manner in which the true ranges of folding have been 
brought into being must be deduced from a study of their struc¬ 
ture ; for direct obser\'ation of the processes is impossible, partly 
because they are deep seated, but chiefly because they are so 
extremely slow. Mountain building may be going on at the 
present moment; indeed, there is no con\incing reason for suppos¬ 
ing that it is not, but it is impossible to verify such a suggestion. 
If there is anj'where an incipient range, its birth and ^wth are 
entirely withdrawn from observation. If antecedent rivers have 
been properly interpreted (p. 286), they demonstrate the slowness 
vnth which mountain ranges are raised across the path of stre^, 
so that the streams can cut through the rising obstacles at least 
as fast as the folds go up and are not diverted from their course. 
All over the world rivers appear to take impossible coi^s and 
cut through mountains instead of avoiding them, which is best 
explained on the assumption that, in such instances, the rivers 

are older than the ranges. 
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Not very long ago it was generally believed by geologists that 
“the general course of events in the history of a range may be 
inferred with much confidence from its structure,” but this belief 
is now widely questioned and rival theories have been propounded 
as solutions of the problem. Not onlj' is there dissension as to 
the origin of the compressive force, but the actual events and 
the order of their succession have been called in question. 

The first step in the formation of a mountain range was, in 
nearly all cases, the accumulation of an immensely thick body of 
strata, which must have taken place chiefly under water and in 
the sea. The study of modern deposition shows that very thick 
accumulations are made in various depths of rather shoal water 
and parallel with shore lines. In mountain ranges there are very 
thick beds of conglomerates, coarse sandstones, ripple-marked 
strata of all materials, sandstones, shales, even limestones, and 
sun-cracked sediments. Deposits laid down in the deltas and on 
the flood plains of rivers add their quota, but chiefly shallow seas 
and lin es parallel with the coasts are the areas of most rapid 
deposition and in greatest quantit}'. For the accumulation of 
very thick sediments in shoal water, it is necessary that the bottom 
subside isostatically as fast as the deposits are laid down, otherwise 
the water would be filled up and deposition cease along that line. 
Such a subsiding, sediment-filled trough is a geosyncline (p. 422), 
and in geosynchnes is the cradle of the typical mountain range. 
The area of the trough varies from time to time in length and 
breadth, as do also the position of the line of maximum subsidence 
and the relative rate of depression and sedimentation, causing 
variations in the depth of water. 

The second stage in the formation of a mountain range is folding 
by lateral compression, which makes the sides of the geosynclinal 
trough approach each other as do the jaws of a vise, crumpling 
the contained sediments into folds. This crumpling is not a 
single operation, but is repeated a greater or less number of times 
throughout a long jjeriod, and the effect of it is one of the many 
disputed questions which are involved in the history of mountain 
ranges. According to the more generally accepted view, the first 
effect of the folding was to shorten the width of the folded belt 
and increase its height, the anticlines forming mountain ridges 
and the synclines valleys, as they do in the Jura Mountains of 
today. That the earth’s circumference has been reduced in the 
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mountain belts, is not disputed, for the strata were originally laid 
down in horizontal attitudes, a necessarj' consequence of gravity, 
as was pre's'iously pointed out (p. 415), and folding brings their 
ends nearer together, which is as much as to say, diminish es their 

breadth transversely to the folds. 

Recent reexaminations and measurements have shown that the 


reduction in breadth of many mountain ranges by the act of 
crumphng had been considerably underestimated. Thus for the 
Alps, the narrowing of the belt due to the Tertiary folding is from 
120 to 180 miles (Heim); for the Appalachians 190 miles (Keith); 
and in the Rockies a single thrust with a displacement of 35 miles 
has latelv been discovered (Mansfield). Remembering that re¬ 
peated compression, with folding and thrusting have elevated the 
ridges, there is another movement which has much increased 
the height of certain mountain ranges, perhaps of ranges in general, 
and that is direct vertical uplift. It is seldom easy to prove this 
upheaval, but in some instances it is quite certain and in others 
verv probable. One of the clearest cases is that of the southern 
Andes, which in Patagonia show a rise of 5,000 feet since the late 
Pliocene Tertiarj'. Marine beds of that date are found m the 
Andean foot hiUs'5,000 feet above sea-level. In the moimtams 
of Boli\-ia are found tropical plants in a fossil state emb^ded in 
strata at altitudes far above the level at which they could exist at 
present. Such occurrences might, of course, be e^lamed by a 
change of climate, but such change is improbable. There is much 

reason to beUeve that vertical uplift is a normal part of the devel¬ 
opment of mountain ranges as trell as the foldmg and faultmg 

which are to be seen in all true ranges. u■ u r « onH 

The generation of the compressive force, to which foldmg and 

the matter seemed perfectly clear and simp e; the sec^ 
cooUng of the earth was beUeved to cause contraction of the suV 

crustal interior, and the crust, which could ^ot 

forced to foUow a shrinking interior for which it was too 

Being thus crowded into a smaUer space, horizontal stresses 
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In the first place, it is denied that the compression due to cooling 
and shrinkage is adequate to produce the observed effects; and, 
secondly, owing to the heating of the interior by radio-activity, it 
is questionable whether the earth is cooling and shrinking at 
all. Other and minor difficulties are found in the contraction 
hypothesis, but the two mentioned are regarded by many as fatal 
to it. Recently, the hypothesis has been rehabilitated by Dr. 
Harold Jeffreys, of Cambridge, in the second edition of his admi¬ 
rable book. The Earth (1929). He says: “Of the many causes of 
mountain ranges that have been proposed, only two have been 
shown adequate to account for any appreciable fraction of the 
crumpling that has occurred, and many are even qualitatively 
as well as quantitatively unsatisfactory. The most effective seem 
to be thermal contraction and changes in the rotation of the earth.’’ 
(P. 278.) The latter agency, it should be said at once, enters 
hardly, if at all, into geological history and need not be considered, 
as it is rather an astronomical question. “The available com¬ 
pression would therefore appear ample and perhaps, indeed, 
embarrassingly superfluous, if the geological estimates of the 
observed compression had not recently been so much increased.’’ 
{Ibid., p. 282.) “On the whole it seems that the agreement 
between the actual and predicted amounts of compression is as 
good as could be expected.” (P. 284.) 

An exceptional mountain system, which casts a doubt upon the 
whole theory of mountain making, is the Caledonian, which 
followed a nearly semicircular curve and the folding of w'hich 
went on during almost the whole Silurian period. The principal 
curve ran from Ireland across England and Scotland, through 
Scandinavia, Spitsbergen, Greenland, Ellesmere Land, and north¬ 
ern Alaska. As Bom points out, the Caledonian ranges were not 
due to the compression of a geosynclinal trough, filled with sedi¬ 
ment. “A Caledonian geosyncline, in the form of the Caledonian 
mountain ranges, never existed. The folding affected, in part, 
marine areas of heavy sedimentation and, in part, the margins of 
the continents,” thus differing from all other known ranges. 

In the Scandinavian mountain ranges w'hich form part of the 
great Caledonian folding, the structure has been exposed by very 
profound denudation. The intensity of compression diminishes 
downward, and where the underlying foundation of Pre-Cambrian 
rocks had been worn down to a smooth peneplain before the deposi- 



S >4 


AN INTHODlA 'rinN To 


ion of the PaUeozoie sediment?, the Pre-t'aml.ruui tv-.i- hardly 
ffectcd by the fohline. Where the -urfaee wu' irr. irular, hlMck- 
if the crystalline rocks are incheh'd in tie- Caleiinrnan liiMv 
'teinmann reports similar ol'-ervation' in 'he ~nu'hern Aiel'-', 
vhere strata violently coinpre'sed hav.- yiehleii by foMint: and, 
it the same time, gliding over a "solt* of crystalline rock, appar- 

■ntlv Pre-Cambrian. 

An alternative explanation of the origin of mountain range. A 
ierived from the Taylor-Wegener hypothe-is of continental dntt 
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and is developed bv Professor R. A. Daly in his Our Mobile Earth. 
This explanation assumes the formation of geosynchnes and the 

of h.cra compression by ,he secok, coolmg and contrac- 
UonMi .he ear,h which has distorted the surface of the earth and 

continental drift is occasioned by the ‘’“”“1'''* ,i,e 

geosvncl.nes, crumpling their contatned sediments Ben^th 

geo-s'cnclines the crust gave way and its 'ys"'™ ' ““J' 
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crust blocks and the “roots*' of the mountains through the ascent 
of the earth's internal heat. 

The Geological Date of Mountain Ranges means the period in 
geological chronology when the principal folding took place; 
this date is subsequent to the newest strata involved in it and ante¬ 
cedent to the oldest strata which did not take part in the move¬ 
ment, but must have done so had they been present. Strata 
which rest imconformably, or with overlap, against the flanks of a 
range must have been deposited after the folding had been effected. 
If the newest folded and the oldest unfolded strata be of successive 
geological periods, the date of the mountain formation is placed 
between those two periods and is said to close the more ancient 
period for the particular region involved. The history of a moun¬ 
tain range after its final elevation above the sea must be made 
out from its denudation and the development of its drainage and 
topography. 

The formation of mountain ranges was not a continuous process, 
but was a frequently recurrent one, with long periods of quiescence. 
Aside from the pre-Cambrian periods, when mountain making 
seems to have been well-nigh universal over the continents, there 
are in the history of North America well-defined times of dia- 
strophic movements of compression. The northeastern part of 
the continent was profoundly affected by the Taconian (or Taconic) 
orogenic activities which, on the principles explained above, are 
regarded as having closed the Ordo\ician period and to which the 
mountains of New England are due. The “Appalachian Revolu¬ 
tion,” as it is called, throughout the later Carboniferous period, 
was active in producing folds in the great geosyncline, the final 
compression of which generated the Appalachians from New' York 
to Alabama and the Ouachita range of Arkansas, closing the 
Permian Period and Palaeozoic Era for eastern North America. 
The Sierra Nevada received its initial form from a post-Jurassic 
compression, but was greatly modified subsequently. The Rocky 
Mountains and the Andes were folded in post-Cretaceous time, 
but the culminating upheavals came in the succeeding Tertiary 
period, which was the great time of mountain making in the Old 
World, when the ranges of northwestern Africa and of southern 
Europe and Asia were developed. The Pyrenees, the Apennines, 
the Alps, Carpathians, Balkans, Caucausus, and Himalayas are 
a gigantic chain of Tertiary date, while in California and Alaska 
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are ranges of Quaternary date. Orogenic disturbances do not 
seem to have been periodic, in the sense of rhythmically recurrent, 
but there were very defimtely marked tunes of orogenic activity 
separated by periods when the compressive stresses were accu¬ 
mulating very slowly until the resistant strength of the rocks was 

overcome. 

B. Denudation of Mountain Ranges 

Mountain ranges, as they are at present, never display the form 
which they would have if only the forces of compression and 
elevation had been concerned in the making of them. Though 
many are, geologically speaking, verj^ young, none has escaped 
the profoundly modifying effects of erosion, and mountain topog¬ 
raphy is proverbially rugged and broken. The ridges, knife crests, 
and peaks have been carv'ed out of swelling folds and domes, 
or from angular, tilted fault-blocks. It is not a coincidence that 
all the very lofty ranges of the earth are of late geological date. 
The Alps and the Himalaj’as, the St. EUas Range, are all of Ter¬ 
tiary and even post-Tertiarj' date and they, especially the Himar 
lavas, are of great height. The Andes, also a very lofty ran^, had 
their last upheaval late in the Tertiary period, and their hi^^ 
peaks are volcanic cones. On the other hand, the geologically 
ancient ranges, such as the Appalachians, the mountains of north- 
em Europe, the Urals, etc., are aU low; denudation has so cut 
them down that they are now but stumps of what they once 
were. Erosion must have begun its destructive work ^ swn 

as the ridges first appeared above the sea, or above “ 

the ground. Very probably no range of foldmg ever had the fuU 
height which the strata, if not attacked by denudation, would 

have E^veD it. . i ■ 

Upheaval, though often so slow as to enable rivers to keep their 

channels open, was yet too rapid to be kept in check by 

atmospheric weathering and so the ranges have gr^ to 

heights. As soon as upheaval ceased, denudation began tojt 

the upper hand, for in high mountains destruc ion is 

rapid. Above the level of the growth of trees (tiniberebn®^^_ 

.he n.ked rock ernrosed without 
\egetation to the violent action of frost, as is vividly 
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immense talus slopes of all high mountains. The wind, which 
often blows with great fxuy, is an active destroyer in these cold 
and stony deserts, and the undermining action of springs so often 
causes vast rock slides and the fall of whole peaks that many 
have been seen by eye-witnesses within the last century. 

Especially effective as agents of destruction in high mountains 
are snow and ice. Avalanches carry down vast quantities of rock 
to the valleys, and snowbanks, by the process of nivation, begin the 
formation of cirques, which become the gathering grounds and 
sources of glaciers. When several glaciers form on the different 
sides of a moimtain, the recession of the cirques reduces the peak 
to sharp crests and knif e edges. The early stages of this process 
may be seen to great advantage in the Bighorn Mountains of 
Wyoming and the Uinta i^^ge of Utah, and, in much more 
advanced degree, in the Alps and the Sierra Nevada, the extreme 
niggedness of which is largely due to the formation and recession 
of cirques. 

For a long period, the effect of the denuding agents is greatly 
to increase the roughness and irregularit}- of mountain topography, 
carving folds into ridges and ridges into bold and inaccessible 
peaks, but they are constantly losing height and are worn down 
lower and lower, until eventually they are leveled with the plains 
from which they spring. In the process of degradation stmclines 
often resist longer than anticlines, which are cut below them and, 
thus standing in relief, form the synclinal ridges of many ancient 
ranges. The degradation may go so far as to cut down a range to 
its very roots, leaving only the intensely folded strata of the pene¬ 
plain as evidence that mountains ever existed there. Of such a 
nature is the upland of New England and the great metamorphic 
area of Canada, both of which probably had high ranges of moun¬ 
tains in very ancient times, 

C- ApP An A CHI AX Ctcx£s 

Any region, however lofty and however rugged, must sooner or 
later be worn down to base level, provided only that the region 
remain stationary with reference to the sea, until the process of 
degradation is complete. However, it is doubtful whether any 
large area of hard rocks has ever been actually reduced to base 
level, the usual result is the formation of a p)eneplain, a low-lving, 
more or less undulating and nearly featureless surface, with only 
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occasional eminences rising above the general level. Reelevation 
of a peneplain at once reririfies the streams and renews the actiri- 
ties of aU the denuding agents, for grarity is the essential motive 
power of ru nnin g water, and atmospheric disintegration and 
decomposition are checked by the accumulation of debris. Even 
the sea acts less effectively on a low, flat coast than on a high, 
bold one and works with renewed power when the land is elevated. 
A peneplain raised into a plateau is again dissected, as before, 
first by the rapid downcutting of the stream valleys to a new base 
level, while the divides between streams are much more slowly 
removed. If time enough be given, and the new plateau be of 
sufficient altitude, the upland is first dissected into strong relief 
and then the rehef is planed away to a new peneplain. The 
development of relief and then its removal, from peneplain back 
to peneplain, constitute a cycle of denudation, which may be inter¬ 
rupted by a renewed upheaval before peneplanation is complete, 
and thus form an incomplete cycle. Through careful study of a 
region several incomplete cycles may be found, which are repre¬ 
sented by remnants of dissected uplands at different levels, pre¬ 
served in the harder rocks. The remains of the older plateaus 
have the greater altitude, having been raised at each diastrophic 
uplift. 

The Appalachian range has been intensively studied for nearly 
a century, and though very much of its history' remains to be 
deciphered, an outline of that history has been constructed, as 
to which the principal doubt concerns the geological date of the 
events. The range began as a great geosyncline on the margin of 
an inland sea, and in this relatively long and narrow trough, which 
was in shallow water, an immense thickness of sediments accu¬ 
mulated during the countless millions of years comprised in the 
Palaeozoic Era. Diastrophic movements, with the formation of 
folds, took place repeatedly in the Carboniferous Period, but it 
was during and at the close of the last of the Palaeozoic periods, 
the Permian, that the principal folding took place, accompanied 
by a general uplift of all the land east of the present line of the 
Mississippi River. In this great series of contractions, known as 
the Appalachian Revolution, the sides of the geosjmclinal trough 
were moved toward each other for many miles, crushing and 
crumpling the mass of contained sediments into many roughly 
parallel, closed, and overturned folds, or breaking in overt hrusts 
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and forming what was probably a lofty range of mountains, 

rivaling the present-day Rockies or Alps in height. 

During the long ages of the Mesozoic Era, the mountains were 
profoundly denuded and worn down to a peneplain, with only a 
few residual hills, or monadnocks, rising above the almost feature¬ 
less level, the highest of which are now the peaks of western North 
Carolina’ such as Mt. MitcheU. A new interpretation of the 
events which foUowed this peneplanation has lately been sug¬ 
gested by Professor D. W. Johnson, to explain the nver systems 

of the Appalachian region. , , , . 

In the latter part of the Cretaceous period the coastal plam 

of the Atlantic and Gulf shores, from Massachusetts to Texas, 
was depressed by faulting or flexuring, and covered by the sea. 
So much is accepted by eveiy one, for the Upper'Cretaceous marine 
deposits are displayed for the entire length of the coastal pla^ 
and the boundary' line of the Cretaceous outcrop is not far from the 
inland border of the plain. The particularly novel conception of 
Professor Johnson’s h>T>othesis lies in the inference that the 
Upper Cretaceous sea transgressed over the ^tire worn-do^ 
\pmlachian belt, which would bring it some 200 mdes inland to 
the present border of the Cretaceous deposits. This is a wide 
departure from pre^'ious beUefs, but there is nothmg at aU im- 
poLible about it; the question Ls: does the ent^ body of evi¬ 
dence render this broad advance of the sea probable? 

Assuming that the Upper Cretaceous sea did actually cover a 

belt some 175 to 250 miles wide, it follows that the entire bel 
must have received shoal-water marine deposits of no tkck- 
ne^ but sufficient to bur>' the irregularities of th^-floor; ^ch 
irwem due to the outcropping of harder ledge_^ men i^levation 
occurred, no doubt, accompanied by a seaward tilting, ere was 
K A nlfliTi '^loDine Eenth" to the sea and upon this plain were 

Si the remarkable seriea of aou.heaatwardl, aov^ 
to "wn^equenl streams, because their courses were 

Sc coreriS^ of newly deposited marine sediinents 
eupenmposed and “t hTm" 

K" "tbiering of matfne de^^ were 

cm ttofgi; and the streams established as transver* nvere. 
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The subsequent history- of the mountain range is too complicated 
to rehearse here in detail, for lack of space. It must suffice to 
say that the mountain belt was four times uplifted into a plateau, 
which was dissected into ridges and valleys and again reduced to 
a peneplain; remnants of these successive peneplains may still 
be identified, and they have been named the Fall Zone, Schooley, 
Harrisburg, and Somer^'ille, in order of age. Through all these 
changes the master streams of those which flowed southeast- 
wardly kept their courses, except as they were modified by capture 



Fig. 250. — Block diagram of central Pennsylvariia, showing how ridges 
are due to the outcropping of hard rock, canoe-valleys, etc. (Slightly modified 
from Lobeck) 


and diversion. The number of wind gaps cut through the various 
ridges of the range, but no longer ha\ing streams flo\\ing through 
them, is an eloquent testimony to the frequency of capture and 
diversion among the minor Appalachian streams. 

An unusual characteristic of these mountains is their even, level 
sky-lines, without peaks or serrations, and running for many 
miles without interruption, save for an occasional stream gap. 
This is unlike almost any other mountain range and points to 
some very exceptional factor in the development of the Appala¬ 
chians. Not only do the separate ridges have even and level 
su mmi ts, but they all have a nearly uniform height and they all, 
without exception, are composed of the hardest rocks. To recon- 
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struct the plateau formed by the reelevation of the last peneplain, 
it is necessarj' only to fill, in imagination, all the valleys between 
the ridges up to the Allegheny Front on the west. The surface, 

«o formed, would form a flat dome, arching extremely gently from 
east to west and from north to south. The highest point, some 
1,700 feet, was in Virginia and the surface sloped away in both 
directions from that summit. Dissection of the plateau by the 
eroding agents, rejuvenated by the uplift of the region, rapidly 
carved out longitudinal vaUej^ along the strike of the softer beds 
and estabhshed a series of longitudinal streams, while the south- 
eastwardlv flowing streams maintained their courses, thus becom¬ 
ing antecedent. According to Johnson’s hjiwthesis these major 
streams were first consequent, then superimposed, and fin^y ante- 
cedent in character. The transverse valleys, cut out by the major, 
southeastward streams, are narrow gorges, called gaps, where 
they intersect the hard ridges, broad and with gently slopmg sides, 
where thev are on the softer rocks. The softer beds were worn 
down to one general level, as the period of quiescence, though 
long enough to reduce the less resL^tant rocks to this general le^l, 

did not suflace to lower materiaUy the nd^s of ® 

reUef of the mountains in their present form is only 
due to folding and directly to the differential erosion w^ch has 
carved valleys out along the softer strata, leaving the harder ones 

to project as ridges. - 

.‘The s-velling of the Appalachhm dome tagan It ^ 

200 feet in New Jersey. 600 feet in Pennsylvania, I.™"“ 
southern Virginia, and thence southward slop^ to the Gulf of 
M^Xo consequdhce of the renewed elevation, the 

Streams were revived, they have sawed and are saw^ then 
Channels down and are preparing for the development of a future 

^^he^'^fate g^wl^t of Penns>dvania, Dr. G. H. Ashley, ^ 

anl“afion oflppalao^o 

in maintaining that the ?them belong- 

date than has conmonly been be p^ible to reconcile 

ing to the middle Tertiary period over 

^nm^own mountains was Miocene and not Cretaceous. 
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The Thian Shan mountain range, or plateau, in central Asia, is 
in many respects an interesting counterpart to the Appalachians, 
for it presents in actual form stages of development which have 
been inferred for the Appalachians from a study of their structure 
and their drainage systems. Although it has not yet been possible 
to make any thoroughgoing examination of the central Asian 
mountains, or to show the former existence of a geosynclinal 
trough, certain salient facts of great importance have been learned 
from preliminary reconnaissances, especially those made by the 
Carnegie Institution. 

In the later periods of the Palaeozoic Era, the Devonian and 
Carboniferous periods, the region was under the sea, and great 
thicknesses of sediments, especially limestones, were deposited on 
the sea bed. At the end of the Palaeozoic, or beginning of the 
Mesozoic, these strata were violently compressed and folded, in a 


manner that indicates the formation of a range of lofty mountains. 
Extensive intrusions of granite and basalt, w'hich have cut through 
the Palaeozoic strata, were presumably injected at the time of 
folding. Since the period of mountain-making, the region has 
been above the sea, for no marine beds of later date are known, 
except for a brief encroachment of the sea in Cretaceous and early 
Tertiary times. Long-continued denudation swept away the 
mountains and cut the whole region down to a peneplain which 
truncated all kinds of rocks, hard and soft, igneous and sedimen¬ 


tary, alike. The plateau of today is a great geanticline, raised 
and upwarped many thousands of feet since it was reduced to a 


peneplain. ^‘It is a region of mountainous structure, and once 
of truly mountainous form, but it long ago reached old age and 
has since been uplifted to its present height with relatively little 
renewed folding of the strata. In structure it is still mountainous, 
but its present form and altitude are due to an uplift of the uniform 
kind which is usually associated with the formation of plateaus. 
Today it may best be described as a plateau; tomorrow, geo¬ 
logically speaking, when aU the remnants of the uplifted peneplain 
surfa(^ and the last of the post-Palaeozoic strata have been removed 
and dissection has gone far enough to produce strong relief, it will 

again become a typical mountain region of highly folded lime- 
stones. 


“The broad ridge which Hes along the northern border of the 
Thian Shan plateau is always covered with snow and most of its 
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passes are occupied by glaciers. A few of the summits have been 

sharpened into peaks by glacial action . . - but m(^ 

mere remnants of the old peneplain, separated by broad, but not 

very deep, valleys of glacial origin.” (Himtington.) 

“The deformation that the great peneplam has suffered m that 
part of its area which is now mountainous to have mvolv^ 

late or post-Tertiary movements of relatively local upl^, as m the 
Bural-bastan; or of much broader uplift, as Muto of Isak Kul; 
or of moderate warping, as in the branch of the Dsun^ ^ 
tau; or of block faulting and tQting, as about the west end of 

Issik Kul/’ (Davis.) 

The parallel with Appalachian history is obvious; exrept for 
the block-faulting and tUting, the Thian is now m the s^ 
stage of development as were the Appalachians after the u^ 
warping of the Kittatinny peneplain and before en^on had^ed 
o^the existing reUef of outcropping ndge^^ ^ ^ 

longitudinal vaUeys excavated from the soft beds. 
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CHAPTER XXII 

METAMORPHIC ROCKS — METAMORPHISM 

The metamorphic rocks were originally sedimentary or igneous, 
and have been more or less completely changed in place without 
decomposition or disintegration, usually with increased hardness 
and the genesis of new minerals. The rocks of this class display 
all gradations of change from merely greater hardness to a com¬ 
plete reconstruction with the formation of an entirely new set of 
component minerals. So complete and radical is the transforma¬ 
tion in extremely metamorphosed rocks, that it is often impossible 
to say whether a giv^en rock was originally igneous or sedimentary; 
the result may be the same in either case. 

The minerals of metamorphic rocks are largely the same as 
those of sedimentary rocks, on the one hand, and igneous rocks, on 
the other, but certain ones, such as cyanite, stauroUte, tremolite, 
woUastonite, grossularite, are chiefly or exclusively found in 
metamorphic rocks. The gem, pjTope, a magnesium-aluminium 
garnet, is found only in igneous rocks, such as peridotite, and 
grossularite, a calcium-aluminium garnet, occurs especially in 
metamorphic limestones. 

A. Classification' of Metamorphic Rocks 

Metamorphic rocks are divisible into two very unequal groups, 
the non-foliated and the fohated. By fohation is meant the divi¬ 
sion of the rocks into rudely parallel planes or undulating surfaces, 
due to a segregation of minerals and the arrangement of one or 

more of them in parallel flakes. A structure, often conspicuously 
banded, is the result. 

I. Non-Foliated Rocke 

These rocks are due to a metamorphism 1^ extreme than that 
which has produced the foliated group, and the important ones 
^ of sedimentary origin, generally retaining their original strati¬ 
fication. Each of the three main di>isions of sedimentary rocks 
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which are made according to the principal substance of their com- 

position, has its equivalents in the metamorphic senes. 

1. Quartzite is the principal metamorphic representative of the 

siliceous sediments and is mainly derived from the metamo^hosis 
of sandstone. Between the two kinds of rock are found such wm- 
plete transitions that it is difficult to separate them^ In a tj^ 

Ll quartzite, the rock is crystalline and the quartz deputed 
around the original sand-grains is m optical contmuity with them, 
though those grains may still be seen with the microscoi^^ A 
brokL surface shows a glassy luster and a sphntery or c^nchoidal 
fracture, while in sandstone the structure is granular and the sm- 
ffice is matt, without luster. The additional quartz wffich has 
rown around the eand-grame has been brought “'k 

tom the outside in solution and may amount to one.surth of the 

weight before metamorphism. _ 

Quartzites also result from the metamorphism of conglomer- 

ateland the pebbles are often much flattened by compre^iom H 

the sandst as such rocks nearly always do, many new 

^iSmay be generated and a Mated rock formal; quartsite, 
mmerals may to g ^ gradations, though gneiss is 

““n d“ed from an igneous original. Foliation is thus see^o 

ir— t:^^to 

extensively employed ^ Utting is called shty 

is a common name. Th^ pro^ y P minerals, which is 
cleavage, to distmguish it from observation show that 

r;;l-ng!tarr:reo^^;£.- 

rrgVaS atSt^^^ 

T msemwes‘“s,r in 

diffcis in having been metamorph j 

and containing m^ mma an«- ^ ^ „,s,ed 

Quartz, garnet, pynte, eic. 
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with spangles of the potash mica, called sericite, as to have a dis¬ 
tinctly silvery appearance. Not all phyllites are of sedimentary 
origin, as some have been formed by intense compression and shear¬ 
ing of felsite and its tuffs, in which the feldspars have been con¬ 
verted into mica. 

4. Marble, properly so called, is the metamorphic form of lime¬ 
stone, including the dolomites and magnesian limestones, in which 
the calcite and the mineral dolomite are recrj’^stallized. The crys¬ 
tals are sometimes verj”^ small and if the rock is homogeneous, pure 
white, and of even grain, it is called statuary marble. Impurities 
in the original limestone, sometimes in very minute quantities, 
give rise to the endless varieties of colored marble, to many of 
which names have been given, mostly Italian, and these were, in 
general, known to the ancient Romans, who quarried ornamental 
stones all over the known world and made very extensive use of 
them. The characteristic “marbling” is due to mashing and flow 
structure, often with recrj^stalLization after each mashing. 

The colors of marble vary with the nature of the original impuri¬ 
ties of the limestone. Organic matter becomes carbonized when 
heated, and if segregated, gives rise to veins of graphite which, 
in the form of black lines in a white marble, mark the lines of com¬ 
pression, or shearing and flow, along which the rock yielded. If 
the organic matter was disseminated through the rock, as in a 
bituminous limestone, black marble is the result. Red, yellow, 
and brown marbles, many of which are extremely beautiful, owe 
their color to varying proportions and compounds of iron. 

Unlike quartzite and slate, the course of metamorphism and the 
resultant recrystallization has destroj'ed all trace of fossils which 
the limestone may have originally contained aiid nearly always all 
the bedding planes also, so that a body of marble is as massive as 
an igneous rock divided only by its joints. 

As “marble” is a trade name, it has no exact meaning, as any 
limestone hard enough to take a polish and of good color and tex¬ 
ture is called marble; limestones are frequently crj'stallized by 
surface waters, as modem coral rock often is. In these limestones 
which were crystallized by the action of water the fossils are pre- 
^rved and the stratification is unaffected, and it would be mani- 
festly a misnomer to caU such rocks metamorphic. 

Besides the coloring matter, present in smaU quantity, the par¬ 
ent limestone usuaUy contained considerable proportions of sand. 
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clav iron compounds, and, in the dolomites, magnesia When 
such limestone is metamorphosed, a crop of new i^erals is ^n- 
erated, especially when vapors and emanations from intrudii^ 
igneous bodies also operate on the rock. From scattered minerals 
in a matrix of marble to a silicate rock, there is every tr^tion, 
and a host of minerals are involved. Garnet rock, epuiote roch, 
pyroxen, rocJc, and jade are some of the rocks made from impure 

limestones by metamorphosis. 

o CilKluw is a marble containing so much nuM t^t it may 
tairlv be called foliated. This stone was much used by the Romans 
and 'mav be seen in the walls and colum^ of many temples. 

6 The Ophkalciles ate a nuxtute of white cJcite and g^n ser¬ 
pentine TWse rocks ate not thoroughly understood and ™nld 
to have been formed in diBemnt ways. Sonte are almo* cer- 
tainlv dolomite marbles, In which were formed mclusions 
Dvro'vene or amphibole, and these were subsequently altered to 
S^ntin;. Other examples would seem to have to m^ 
rnTAa.tered serpentines, in the interstices of whtch calctte has 

hppn deoosited bv percolating waters. 

7 Anthracite is a metamorphic coal, though it imy perhaps 

haU been formed in other ways aL^. ^-hen a bed of bitunu^us 
toll LUntruded bv a dyke, or sill, or other form of 

west of the Appalachian Mountains, sennbitummous ^ 

l Tra,r,^ the coal is bifumino^ A ^ 

77 Foliated Rocl:s 

u“a" toSS 

X'r^ou; *m com^Sou. ICu^y .he U^t bauds con-. 
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of a mixture of quartz and feldspar and the dark bands are made up 
of parallel flakes of some ferro-magnesian mineral. The nomen¬ 
clature of the varieties of gneiss is a double one: first, according to 
the nature of the dark mineral, such as hiotite gneiss, hornblende 
gneiss, augite gneiss, and, secondly, the classification of C. H. Gor¬ 
don, which uses the type of igneous rock to which the particular 
gneiss is most nearly allied. “Thus when we say granite gneiss, 
syenite gneiss, diorite gneiss, w'e use it to denote rocks having the 
composition indicated by the first word and the texture indicated 
by the second.” (Pirsson.) The commonest variety is granite 
gneiss, with mica or hornblende as the dark mineral. 

Most gneisses were generated by the violent compression of 
granite either before or after solidification. Some authorities deny 
that gneiss has ever been formed from sedimentary rocks, but the 
chemical composition of some specimens is quite unlike that of 
any igneous rock and others were plainly metamorphosed con¬ 
glomerates, in which the original pebbles, crushed and flattened, 
are distinctly \dsible, especially on a weathered surface. Still 
another series of these rocks are of complex origin, granitic mag¬ 
mas being injected into metamorphosed sediments. 

Gneisses are very widely distributed, occurring especially among 
the most ancient of known rocks, and they cover vast areas in the 
northern part of North America. 

2. The Crystalline Schists have a much finer texture than 
gneiss, into which they often grade imperceptibly; they have 
diverse modes of origin from both igneous and sedimentarx' rocks. 
Slates, quartzites, impure sandstones, and limestones, as well as 
felsites, andesites,diabases, tuffs, etc., may all give rise to schists. 
The varieties are named from the most abundant ferro-magnesian 
mineral. 

1. Mica Schist, the commonest of these rocks, has as the essen¬ 
tial minerals quartz and mica, more generally muscovite, but 
biotite may be associated with muscoxite, or be present by itself. 
Some feldspar is usually present also. By increase of feldspar and 
coarsening of texture, mica schist grades into gneiss and, on the 
other hand, by increase of quartz, into quartzite and sandstone. 
Through the phyllites, the mica schists are connected with the 
slates and, in another direction, by increase of lime they pass into 
argillaceous limestone. Mica schists, though essentially com¬ 
posed of quartz and mica, often have large and perfect crystals 
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of other mineral*, es[) 0 (ially garnet. 1-ut al*o ritaurolit*. cyuut«. 
epidote. hornblende, and other*. Mira whist* are very Urfely 
exps.sed in New England and along the eastern flank of the 

Appdla'.hians. 

2 HornbUnd^ Srh>.-^( conMst- of horn)»lorKU\ with a vaoing pro- 
portion of feld*par and le*s quartz than d-K-* mira whist. The*p 
rock* ire for the mo*t part, derived fmm the met arnorphism rrf 
various ba.*ic igneous rocks, the augite Is-ing readily converted 
into hornblende by crushing. These whists CK-cur extenaively 

around Lake Sujterior. ^ . 

The mica and hornblende schists are much the commonest and 

most abundant rocks of the group, but there are several other, of 

le*s impc.>rtance. Tair and chlonk srhist, are due to alteration, 

chieflv of the hornblende variety; graph,tf schisi has that carbre 

naceous mineral distnl-uted along the foliation planes^ 

An entirely different scheme of classification is that de\elop^ 
bv Grubenmann, in which only the chemical composition of the 
original rocks before metamorphism is taken into account. Fr^ 
,hi" point of view, the earth s eruet ie Jiv.cM ,nto '^ree conc^t™ 
•helle • one near the surface, the second at raedmm depths, and t^ 

me Irorphic forms which diBer in their mineral, and teature .n 
accordame with the depth of the shell in which the tr^lorm«K«. 
wS pLe In this mode of clas...fication the mam d.v-»ion, are 
^de according to chemical composition, the subdivarton. n. 
recordan e with the mineral components and teatur. of the roeke. 
?h,s oL has proved to be a valuable conception, but .t is mote 
A to the laboratories of chemistry and petrology thM to 

:fem:mart° inrtrucbrn and therefore not be elaborated here, 

B. The Phocesses of Metamorphism 


WTiile much has been learned regarding 

remains to learn, and th ^ experi- 

its features. The difficulty lies m the f.^ th^at. ^Jde ^ 

ment, the processes cannot A ' . ^ jpaves open the way 

to differences of opinion. Of late , P ^ 

great changes concerni^ t ^ Certain facts, howem, 

anality has been reached m any of them. 
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have found general acceptance and from these it is hoped that 

further progress in understanding may be made. 

1. Heat. Of the causes of metamorphism the most indispen¬ 
sable is a high temperature, but differences of interpretation arise 
concerning the genesis and derivation of this temperature. ^Tien 
a body of igneous magma invades a rock, it heats the rock invaded 
and brings about the sort of change which is called contact mela- 
morphism, but while heat is necessarj' to the change, it is seldom 
sufficient when acting alone. 

Certain metamorphic rocks, such as quartzite and marble, have 
been successfully imitated with dn.' heat, though the production 
of marble requires pressure, to prevent the escape of COj from 
the compoimd CaCOa. Unless such escape is prevented, lime¬ 
stone is converted into quicklime {CaCOa — COj = CaO + CO*) 
as happens in everj' limekiln. If the gas is held in composition, 
the calcite crystallizes and marble results. No very high tem¬ 
perature is required. Bessemer “converters” are lined with gan- 
nister, a siliceous rock, and subjected to the temjjerature of 
molten steel, while an air blast is forced through the metal, to 
bum away the surplus carbon. When it is necessarj' to reline 
the converter, the gannister is found to be crystalline, without 
having melted. This artificial quartzite differs from most natu¬ 
ral quartzites in not ha\'ing the additional silica deposited in 
optical continuity around the original grains. The temperature 
of the molten metal is probablj' above that in ordinarj' contact 
metamorphism. 

2. Mineralizing Vapors. Of the mineralizers water is the most 
abundant, and its effect is to lower the temperature of fusion and 
of the regenerating and recrj'stallizing of minerals. Superheated 
water, under great pressure, is able to attack the most refractori- 
compounds and cause the crj'staUization of minerals that have 
never been crystallized by dn.- heat. Rocks which require 2500° F. 
to melt them in the drj- way, will melt at 750° in the presence of 
water, whether as liquid or as vapor. Similarly water, or steam, 
will lower the temperature necessan.- for metamorphism. When 
a molten magma invades a series of rocks, the mere conductivity 
of the invaded rock would not earn,- the effect of drj- heat far from 
the surface of contact, but the mineralizers, steam, fluorine, chlo¬ 
rine, boric acid and other active agents, penetrate the country rock 
to much greater distances. The distance of effective change will 
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depend upon the amount and kind of the mineralizer, the pressure 

thev exert, and the porosity of the rock mvaded. 

k bathoUth which has a cover of no very great thickness wul 
seid out vapors. ga«s, and solutions ttat penetmtn the county 
rock with transforming eBecta, with the principal cfiecte upward 
through the overb-ing beds. LateraUy, the distance reached vaiwa 
greatlv with the nature of the intrudmg magma; the »' 

mineraUting vapors and solutions which emanate from the plutomc 
bodv. the permeabiUty of the country rock, are all factors mdeter- 
mining the amount of change and the distance to winch it ^nfr 
Zte- It is customary to distinguish between hydrothermal and 
oneumatolvtic action, the former caused by water under pre^ 
Ld below the critical temperature and the latter the work o 
“U and gases. The distinction is not. howler. OM of gr^ 
iZortance for aqueous solutions may be heated to beyond the 
eXal temperature of water without vaporising (Morey), and 

steam may hold solid substances in solution. 

3 Pressure in the sense of static overburden, ^ di^mguished 

from active dvnamic compression, is equal in all dmecUons and w 
trom act! - of the mmerahzmg vapors and 

ortZgSeS' Limestone, to generate marble, must be heated under 

TXipressfon. 

"tZXt what ™lent ^mpn^ 

can accompteh in the^ay ^ ^ 

"T"'"’X:'dZo^Xof m^erals fmm tojuton in tM 

tot iixxssszp-- 

solutions ar , • i change When some of the minerals of 

active aXdUsoked and carried away and their place 

; ztSonXthe——'r 

solution, there ^ caU«»^U - 

another, aim rep a pracficolly rimuKuneous 

is now applied to the proce j ^^„prnl of vartty or vihoUy 

solution and deposition by ichieh a 
different chemical composition may grow m the body oj 

or mineral aggregate” (Lmdgren.) 


in 
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6. Injection is the penetration of the c-ountry rock by magmatic 
material, and it is sometimes astonishing to see how the magma, 
which must be verj' thin, has permeated the intruded rock. The 



Fig. 251. — Contact metamorphism in mica schist by a vein of pegmatite, 
about one-half natural size, Wells Island, St. Lawrence River, X. Y. (Photo¬ 
graph by J. R. Sandidgc) 

distinction between cementation and injection is not a very sharp 
or important one, for under magmatic conditions of temperature 
and pressure, water and magma are miscible in all proportions, so 



1 li.iK 1 ii«.w ^ 


;i must intmuttu mixtun- uf tin- two. mm h :t- :i 
water. In uth.T m^tam e^ ami prr<uma!‘lv with n 
magiiKV', tlif mjt'rtimi furm- many ..mall 'ill-, tlnn la><' 
ru'..k alternatimr with similar layrs of the icneuus mt 



Fir 252 — Mica schist with injected vein of pepnatite and 

«,'■ W>a, Istad. s. V. (PhotW b, J 


this structure the French term, til p«' hi (bed by 
what unnecessarily employed, as the English 


suffice. ^ ^ 

In attempting to classify the different tc-pes of i 

great differences of opinion are immediately enc. 

certain aspects of the problems, -chile in others then 

plete agreement, but there is still much confusion 

Igy used by different -Titers. One scheme ,s m 

morphism into t-co classes: (11 rficreml. cau^ 

heat, and (2) Dynamic, caused by compression an - 
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Nearly, but not quite, sjmonymous with this is the division into 
(1) Conlact, or Local, the effect of intruding igneous magmas upon 
the rocks intruded, and (2) Regional, in which i mm ense areas of 
rock, many thousands of square miles, have been transformed 
through recrystallization and the genesis of new minerals. Another 
scheme recognizes four tj'pes: (1) Static metamorphism, which 
operates near the surface of the ground, without stress and in the 
presence of small proportions of water. (2) Dynamic metamor¬ 
phism, as defined above. The static and djTiamic kinds are 
regional, contact metamorphism is local, though by the multipli¬ 
cation of intrusions, it may affect ver>' wide areas. It is a matter 
of debate whether compression and stress, acting by themselves, 
are sufficient to produce metamorphism. (3) Igneous metamor¬ 
phism (or pyrometamcrphism) is the effect of intruding magma on 
the country rock and is practically the same as the contact class. 
(4) Hydrothermal metamorphism is the change caused in rocks by 
ascending hot waters. Igneous metamorphism may be local or 
regional and maj' or may not produce changes in composition, 
while the hydrothermal agency is locals and involves chemical 
changes. 

I. Contact Metamorphism 

This is the change brought about by the action of intruding mag¬ 
mas, and the emanations from them, upon the invaded or countrj’ 
rock. Extrusive, or volcanic, flows have but little effect upon 
the rocks or soils over which they pass, because of the manner in 
which a lava stream speedily surrounds itself, top, bottom, and 
sides, with a cover of non-conducting scori» (see p. 89), and lava 
streams have been frequently observed to flow over the snow on the 
top of iEtna without melting it. Lavas thus generallj' produce but 
little visible change and often none at all. Bituminous coal may 
be baked into a natural coke, and clay “ fired ” into a hard red rock 
like brick, and limestone converted into quicklime, but even such 
slight changes are exceptional. Plutonic intrusions are much more 
effective, because they are presumably at a much higher tempera- 
tmre and retain their heat longer and there is no scoriaceous cover 
to separate the hot magma from the intruded rock. The highly 
heated emanations, solutions, vapors, and gases, cannot escape into 
the air, as they do from lavas, but are forced, under very high pres¬ 
sures, into the countrj’’ rocks, extending, according to varjdng cir- 



is often ver}' difficult to imagine why the changes 
insignificant'. Probably the amount and character oi 
izers i= the most important factor in determining how 



Fig. 253. 


Granite intrusions paraUel to pei^. 

(Photograph by Keith, L . S. u. 


reconstructing effect shaU be, and this is, no doubt, 
acid magmas are more effective than basic. Huta 
cut across the bedding planes, such as dykes, 
are more active agents of transforma ion han . 
like «ills and laccoliths, are conformab e ^he 

Mo=t sills are basic and therefore have less oi the i 
th^ together .nth their relation of coneordance 
explains the smallness of the metamorphic effec 
often produce. Laccoliths, too, though generaUj 
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mineralizing, acid magmas, often have ver^^ little effect upon the 
inclosing strata. Figures 5 and 12 exhibit the lower contact of 
the Palisades sill with Triassic shales, which have been but little 
altered by the heat. The nature of the rock which is invaded and 
metamorphosed is an important factor in determining the result: 
sediments which contain considerable proportions of alumina and 
lime are much more readily and profoundly changed, with the 
genesis of many more new minerals, than are the rocks composed 
of silica. Pure limestones form only white marble, except as other 
substances are forced into them by cementation, or injection, from 
the intruding magma. Most limestones, however, are more or 
less impure, because of the presence of clay, sand, iron compounds, 
etc., and such impure limestones may give rise to many new 
minerals, on contact metamorphism, independently of such extra¬ 
neous substances as may be derived from the magma. 

In a series of strata, in which different kinds of rock are found in 
the same vertical column and which has been traversed by a thick 
dyke, the effects of contact metamorphism may be conveniently 
studied. The temperatures involved are, generally speaking, not 
very high, because in accessible rocks the invading magma has 
passed through great masses of relatively cool country rocks and 
has lost much of its heat. According to Bowen the temperature 
of contact metamorphism is: “Very rarely and locally upward of 
1200® [2192® F.]; occasionally and in restricted amount somewhat 
above 870® [1593° F.], but generally below 870®.^’ In metaso- 
matic contact metamorphism the effects are '‘transitional into 
those of thermal metamorphism and, occasionally, above 573® 
[1063® F.]. Usually below that temperature and graduating into 
replacement deposits of relatively low temperature.” 

Starting with the parts of strata which show no sign of effect 
from the heat and tracing them toward the dyke, a sandstone may 
be traced into a quartzite, which may be merely a ciy^stallization 
of the sand, or may show the addition of a large amount of crj-stal- 
line silica deposited around the original sand grains and in optical 
continuity with them. The additional silica must have been car¬ 
ried in by solutions from the magma. If in the original sandstone 
there is any considerable percentage of claj’', or lime, or undecom- 
posed particles of feldspar, mica, etc., or both, many new minerals 
may be generated by recomposition and recrystallization in the 
contact zone, such as muscovite, chlorite, epidote, magnetite, etc. 
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pap|oj aqj uaaMjaq jsbjjuoo a|qBqjBuiaj aq; si aaaqj ^ajdarexa jo^ 
SJazqBJaunu aqj jo uouBjadqoo aqj jnoqji^ puB auojB Sutjob uaqju. 
;t jo ssauaApoaga aqj sujaouoo jqnop aq; ! apas jBaj3 b no nisi 
-qdiouiBjam ui SarqsBtn puB ‘SmjBaqs ^uoissajdraoo jo aanBjJodun 
aqj suoTjsanb auo ox *iiisrqdjonrBjatn joj juaiogjus sainjBjadraaj 
ajBJauaS qi^ ‘jaiB^ jo aauasajd aqj ui qSnoqj uaAa ‘SuiqsBui puB 
noissajduioo jo junouiB aub jaqjaq^ st ajBqap jo iajjBui utbui aqx 
•sjoarqns asaqj uo sjajiJAi suouba Aq pjaq ajB suoiurdo pajajgrp 
Ajapui jsoni aqj qa]q.^^ oj sb 'pafqns jBtsjaAoajuoo b si siqx 
'sqooj ^vjBjuarmpas qB ui pauiBjuoo jBqj aq oj pamnsajd si aajBAi 
.OBSsaoan aq; puB 'noT;oiJj Aq pajBjanaS AqBOiuBqoam aq o; pasod 
-dns SI jBaq aq; *pnn^ oiuiBiLvp aq; ui ;nq ^msiqdaouiBjain jo spmq 
qB TTi pijuassa ‘asjtnoo jo 'si jBajj ’sqooj jo uoT;Baqd puB uoissajd 
-moo ;ua|oiA aq; Aq pa;oa5a ajB qoiq^ siBjauim Stnuuoj-qooj aq; jo 
uoijBzqjBjs.vjoaj puB uoporujsnooai aq; ;uBatn si nua; siq; 

lusj }(djLOiu rypj^ oi m vufiQ *// 

sjuainipas snoajBOjBO puB 
‘snoaaBqiSjB 'snoaaBuajB aq; uiojj pauLioj aq snq; abui qaiq^i *;siqas 
BOiTH B UT ;jn5aj abth auo;saniq ajudrai jo nisiqcLioniB;am auiaipcg 
•passBd sjodBA aq; qojqAi qSnoaq; ^saanssg punoJB puB ui XqBtoadsa 
puB ‘qBTus puB aSjBj ‘saipoq pajoauuoosip ui ;nq mJojTun puB 
snonui;uoo ;on ajB sassBui asaqx -siBaamni sum jo sassBtn Aq 
paoBidaj aJB b;bj;s jBtnSuo aq; qB 'saDaB;snT araos uj *azis ut Jagip 
qBjaunu ;ob;uoo jo sassBin aq; *sjo;obj SupvJBA jaq;o puB 'sJodBA 
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roq, (n ^ f^l^^-eoim ^un^tnincn s« si^iaimn q^ns 

^ ^ ^ panoj ^ou 31^ qoiqAv 

amoaaaaaq^ autns <sjodBA amzqBianroi uodn s^aa 

joj ‘anuono pire noioq ^ ^ s^^jaunn J>B)noD i^i3A9S ^^oz 
.,^ 5^00 iiaV JO ^ i P aq/a^ldaa W Xaqi m 

■pwjuoo 9X^ OI Xpjx^ua laW I H+ i io-bwod sis uounnoo 

f 'aLolM '(‘OiS^O) »»ra»1^n«A\ 

•sa^wnis aunnooaq Smpruim aq; uioij 

aq> : pa^wauaa are spsiaunn ^ saoUBmqraoa lBUOl:^ 

paAuap sase3 pire sjod^A t^oq q; q P • ’ n^'isau3Bra ptre 

so, i.«a,.u. saqddns qo^. 

ssqitiioiop tn puB ;unoure ^ sauo^sauqi 

•^ai^dxa Xp^ «« ‘ W o^oaq pn^ S 

am aii3 ‘spmvoduioo no^ ao ‘saoa^mns on^Sao 

‘sa^vm Souoioo '^OD P adsosa ^xqdioraB^aui 

aq, ,0 aonssaad aq, aaaq. tind 

pep.«. r, uo^m^»s ,0 

„. . 0 , 0 . „ aaiqmasaa paa a WO,»! W^oTm 

m qrep 08 SI pire ajn^aBJ} i«pioqouoo b q^. ^ „ <j,30J 

aip q^iA ^daaxa ‘aas o; q^ms oo; aiB sainuBiS aq; ^ ^ 

‘siajLoq'io Las aq^ ui pasti XqBuoisBDoo q3noq^ 

Lmba qtqana aqJ o^^Boaq ‘pasn ^apm si qoiq^ nua, uB^aO 

B ‘^a/uL'B samooaq qaoa aq^ ‘Xpoq Saipiu^m aqi aBa^ W 

BOim B m mB3B siq» puB ( a-b) aqip^d o; saSuBqD a^Bp ^uo JX 

oa aao^apim sBq qaoa aq) auoz ^soowa^no aq^ ui 

-tL aaom oaiapun XqBiauaa sqooi Xup puB ‘sauoppnm saiBqs 

■ qsiqas Boitn cnui .qqi^daoiadmi ssBd Xbiu aqz:^renb aq) 

-uaAa puB saqBp aq; q3naiqi aaBABap b qooi aq^ saAi3 ;unot^ 
BasBajoui Bonn siq^ sb : aiiAoasnm si siBiauiui 

)iiB)Jodun isom aqx qaBiq uaAa ao ‘aidjnd atqq uaa J ^ 

%np B 0)01 ^iz^JBub JO lOloa Xbj 3 apd jo ‘qsiMoqa^^ ojiqM ibuuou 

wp aSovqo Xaq; ^nq * 

• • ^ 
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emanations from them. BarreU was of the opinion ^ 

regional metamorphism is intimately related to the bathohtbc 
intrusion This conclusion applies to all southern New 

England and apparently much the same relationship between 
fnlmsion and metamorpldsm existed in the Laurentian inv W” 
Darker has reached essentially the same conclusion; There 
can be I think, no doubt that the solvent medium which is essen¬ 
tial to’ metamorphism is to be ascribed vhimately to a magmatic 
source Since, however, metamorphism can e\adently go on far 
from any igneous intrusion, we are to conceive a pervading 
medium, doubtless of extreme tenuity m general but attaining a 
greater concentration in the neighborhood of newly-intaded 

Sneous rocks.” The difference between Bai^U and Barker is 
that the latter would admit that “metamorphism can go on far 
from any igneous intrusion,” while the former would have made no 

*'*?cofeSirDaly “has observed a nearly complete 
recn-stallization in the Lower Cretaceous ark^ 

mrffbeneath younger Cretaceous sediments probably more to 
“S meters thick.” Much the same thing is true m north^ 

“Serfs’ iduced L rocks because of them deformation, tie 

Slatj clea^ age deoendent upon it, but the neces- 

Lo-de:^?oT“hel and the “solvent medii^” would seem not 
to^ e^ained by compression and shearmg alone. 

Ill Regional Metamorphism 

Z define r^iinal 

areas the North American conttob 

the change, ine nonuem h of sauare miles m 

including Greenland, IS ^ Canadian Shield, which 

extent, of “^^amorphic 

.rx ^rxf.r that metamorphism on so vast a scaie 
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independent of igneous intru.icnis, especially so long as it was 1 re¬ 
lieved that the banded granitic gneisses were of sedimentary origin. 
Xow that most of these rocks have been definitely tjan-terred to 
the igneous class, the problem assumes an entirely different aspect. 
These “primary gneisses" are foliated granites, compre.-^ion of 
the still more or less fluid magma producing a flow structure, can¬ 
ing the earlier-formed minerals, especially lilack mica, to form 
parallel bands. As Pirs.son and Knopf say : •'■Such gneisses are 

not metamorphic rocks at all. 

The probable conclusion is, then, that while local or purely (’on- 
tact metamorphism is due entirely to igneous intrusions, reeional 
metamorphism requires the cooperation of diastrophic cumpre- 
sion and shearing together with the high temperatures and emana¬ 
tions of magmatic intrusions. 
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CHAPTER XXIII 


ORK 1>KP(»>ITS 

ereat the economic importance of the>e deposit? that they 
have Ins been ,he object of oloee study but there st,11 rentams 
tuuch eonoernin. their (teuesis that is tloubtlul and obscure. The 
term ore is commercial rather than fteolopical. tor it mean, a natural 
mineral substance from tvhich some metal may be profitably 
extracted, and its value ts determined not only by ns content o, 
Ltal, but also by the cost of avorhing, transportation, etc, hfha, 
is an ore in one place may not be so in another, and as process , 
he cheapened, deposits that were of no pilue are convened into 
ires tL difference, however, is one of degree and depends upon 
the quantitv of the metal present : a lean, |»''-fade ore i, to jc 
exihined in the same manner as a rich and high-grade one, 

■The problem of ore deposits is that of eoneeotranon, tor mos of 
the ecohomicallv valuable metals are very wrdely disseminated, 

1 ,,ri of unive'rsal occurrence, but in minute quantities, hike 

h herand the atmosphere, metals are believed m have b«n 

ultimately derived from igneous ar^d W. 

undergone "“"Til n whrt^^^^^^^ now found. Many 

before reaching the condit on y h eh^ J • 

XX h'e “tion'here employed is the one proposed by 
Professor kV, LlT^Tmial ore seldom makes up the whole of a 

nnneral body and often forms b"' “ ““f Till caUed an oh 

concentrated that it can pro bich are sheet-liki 

shoot. In metalliferous veins the^ore ^hoot., wm 
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or tabular bodies, appear as more or less continuous areas. The 
remainder of the vein is composed of barren minerals which are 
called gangiie. The commonest gangue minerals are quartz, 
calcite, and barite (hea\y spar'. Ore shoots are predominanth- 
lenticular in shape and nearly always diminish and die away in 
depth and along the strike. Ore shoots are primary, when formed 
together viith the gangue, or inclo.sing rock, other than the country 
rock, which the shoots invade, or sccofirJary^ when formed or con¬ 
centrated by secondan.- processes of enrichment, usually by surface 
waters. 

PRIMARY ORE SHOOTS 

A. Ores Dee to Magmatic Differe.vtiatiox 

1, Oxides and Native Metals. As a magma consolidates slowly, 
fractional cr>'stallization, aided by gra\ity and perhaps other 
agencies as well, frequently camses it to .separate into parts of differ¬ 
ent mineral and chemical composition. Sometimes the magma 
carries so large a proportion of useful metallic compounds that 
the segregation of them forms workable bodie.s of ore, and .some of 
these are very' valuable; but, as a class, they are not nearly 
imp>ortant as the deposits made from solution in water. Then 
are but few of these ore minerals in the igneous rocks, and they arc 
of a simple composition, mostly oxides and sulphides and somr 
native metals. The most abundant of these minerals are magnetitr 
(FeaOi); ilmenite or titanium-bearing magnetite tFeTiOa); cas- 
siterite (SnOs), oxide of tin; pyrrhotite iFerSs) and p\Tite (FeS^’, 
iron sulphides; pjentlandite (FeNiS,), iron and nickel sulphide 
chaIcop>Tite (FeCuS), iron and copper sulphide; molybdenite 
(MoS), molybdenum sulphide ; chromite (FeCT^Ov), chromium and 
ferrous iron oxide. The pre.sence of iron in nearly all of these 
minerals is a noteworthy fact. ‘*The characteristic feature of a 
deposit of this class is that it is a part of a body of igneous rock ; 
the crj'stals of its minerals formed in the magma .solution from 
which the rock ciy^staUized, or in one similar to it. The asso¬ 
ciated gangue minerals are those which make up igneous rocks." 
(Lindgren.) Ore deposits due to magmatic differentiation are 
formed at very" high temperatures and under great pressure. 

1. Ilmenite, or titaniferous iron ore, with magnetite, is contained 
in almost all basic rocks and is sometimes segregated in ver\' lare-p 
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its 


masses contained in gabbro, or anorthosite. Large deposite are 
found in the Adirondacks and in many other places; m eastern 
Wyoming, for example, a dyke of ilmenite, with a ma x ii m im thick- 
ness of 300 feet, cuts through anorthosite. In the Transvaal, 
South Africa, is a most remarkable deposit of strongly magnetic, 
titaniferous iron ore, which forms a broad belt between extena^ 
bodies of gabbro (norite) on the one side and red ^te on the 
other LongitudinaUy this belt extends for tens of miles and is 
e,-idently segregated from the gabbro ma^. Dmemte not 
been targely exploited as a source of iron because of the <Mculty 

of smelting it. . . , . , 

2 Magmtite, differentiating from magma, is associated mth 

syenite, as are the ores of northern Sweden, the la^t depoat of 
magneAte yet discovered. In 1929, 9,000,000 metric toi^ of ore 
were mined. Magnetites derived from syemte are found m the 
eastern Adirondacks and >deld one to two milhon tons of ore per 
year Similar deposits are known elsewhere, as m the U ral Moun- 
Lins of Russia, but the greatest sources of non cm are de 

which have been formed by subsequent concentration. 

3 Chromite is a segregation in pendotite and m the se^ntme 
wMch has been derived from the alteration of that rock. As tem- 
ing a valuable alloy-steel and seizing the same purposes as nickel, 

Zo wider and wider uses. The ore is very extens^ely di^te 

" ^a VJor \^d^r.l" 

o^ry de^s m 

oXand occur in parallel, Bat sheets in the serpentine of the 

M.aU. 

Srat iTn dL^in^ tha. mineral 

where it oecura in ^"association with pd- 

ladium, osmium, indium, and ot ^ ^ platinoin. 

't1SpS.“lXrn Proved^t^- 

X; :;^r,'m:iybdenum, sine, and nieheL 
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Some of the sulphide deposits are basic rocks which carry an 
unusual quantity of pyrrhotite, chalcopyrite, pentlandite; while 
others again are found in igneous rocks that have been metamor¬ 
phosed dynamically, though the sulphides are primary. 

Nicjcel. Most of this metal now produced in the world is derived 
from Sudbury, Ontario. In a synchnal trough thirty-six miles 
long by sixteen miles wide, there is an intrusive sheet of igneous 
rock that is much differentiated, presumably by fractional crystal¬ 
lization. Below, the sheet is a norite, or hypersthene gabbro, and 
it grades upward into a granite. The ore minerals are pyrrhotite, 
pentlandite, and chalcopyrite, with a little magnetite and pyrite, 
sphalerite (zinc sulphide, ZnS), and the arsenide of platinum. 

Three different explanations of the Sudbury ores have been sug¬ 
gested : first, that they have been formed by segregation from the 
magma; secondly, molten sulphides have been subsequently 
injected; and thirdly, that they have been deposited from solution 
in hot waters. “That the nickel ores are genetically connected 
with the norite admits of no doubt.” (Lindgren.) 


B. Ores in Pegmatite Dykes 


As was described on p. 51, a consolidating magma from which 
the minerahzers and other volatile constituents are unable to escape 
becomes more and more a high-temperature aqueous solution in 
which crystals are able to grow to extraordinary size and perfec¬ 
tion of form. The rocks so formed are called pegmatites and they 
are associated as dykes, sheets, and irregular masses with the 


various plutonic bodies from which they were derived. Most 
pegmatites are granitic in composition, but they also occur of 
intermediate and basic composition. As previously told (p. 58), 
pegmatites contain many rare minerals, including gems, which are 
not known to occur elsewhere. In the acid pegmatites the charac¬ 
teristic mineralizers are fluorine and boron and in the basic dykes 
phosphorus and chlorine. Pegmatites consolidate at relatively 

low temperatures, 565° C. (1050° F.), but under very high 
pressure. 


Of the ores found in acid pegmatites, that of tin, cassiterite, is 
much the most important. Wolframite is usuaUy associated with 

the tin ores in pegmatites, but most of the output of tungsten is 
derived from mineral veins. 
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Of.K' Di k to T MkTAM'.)[{PHI>M 

In Chapter XXII the metamorphic an.l ineia>oinatic. or replace¬ 
ment, effect? of intruding inagina- were outlined, and among these 
the most important economically i? the (.leposition of ore kxjdies 
in the contact zone. The mineralizing vapctr-, carryine variou? 
metallic oxides and sulphide^ in solution, force their way into the 
country-rock, developing new mineral- and depositing ores, chiefly 
bv replacement. C'ontact ore-bodies are seldom in sand^^tone- r,r 
<hales, almost always in limestones, which are ea.-iK pcTineable 
and appear to soak up the solution like a sponge." Lindgren. 
The effect produced depends upon the degree of concentration 
of the solution- : when these are very dilute, no great changes take 
place but vith stronger solutions the limestone is replaced by a ma.ss 
of ore and gangue minerals. The tempc^rature is high at the con¬ 
tact uas much al? 1500= C. y diminishing rapidly in the country- rock. 

Pvrrhotire. chalcop%Tite. sphalerite, and molyb<lenite an- the 
usual sulphides, magnetite and specularite the commonest oxides. 
The gangue minerals are silicates of calcium, magnedum, iron, 
and aluminium, such as garnet, epidote. diopside : quartz is sel¬ 
dom present in any considerable ciuantity. but large crystal? of 

calcite are abundant. 

1 l/uutuhX- deposits are the most frequent of the contact- 
metamorphic ores, but the bodies are usually small. At ComwnU 
Pa i^ a large bodv of magnetite which has been extensively mined 
Sd chalcopvnte .i abo taken ou., A diabase dll is in eomac, „,b 
Triadic shales and Palteozoic calcareous shales; the former di^ 
plav the baking effects of the hot intrusive magma, while the lat- 
L'have been largely replaced by magnetite and tremohte, with 

other minerals in less proportion. 

2 Chnlcnpurik, the sulphide of copper and iron ■ CuFe.,. is one 

of the mos/ Important of productive ores, e^pe-lly m M^xi^o 
New Mexico, and Arizona. Australia, Japan, and Korea. In the 
Southwestern United States the ores are generated along the co 
lact between intrusive quartz monzonite 

Tc molvbdenum: magnetite is often present as well. There 

" f These sulphides of zinced ^ 

.n^ctivelv occur in small quantitic in most of the ore bodies formed 
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by contact metamorphism, but they are seldom the principal ores. 
The Magdalena Mountains of New Mexico are made up of fault- 
blocks of limestone, cut by granite dykes, and along the contact 
zone there are large bodies of zinc sulphide, with some of lead and 
copper. In eastern Mexico the limestones have been invaded by 
many small intrusive bodies, which have developed sulphide ores 
along the contact. For the most part, these ores are of copper, but 
lead predominates in some of them. 

4. Gold and Silver. Traces of gold and a little silver are found 
in most sulphide bodies formed b}’’ contact metamorphism, but it 
rarely happens that these metals supply the principal value of the 
ores. In Montana and British Columbia Carboniferous hme- 
stones have been invaded by sheets of gabbro and diorite, which 
are not exactly concordant with the bedding planes of the strati¬ 
fied rocks. The most abundant of the sulphides is arseno-p>Tite, 
in which the gold is contained; the pure arseno-pNTite may carry 
as much as $350 in gold per ton. There is verj- little silver, and 
but traces of platinum and nickel are found. 

5. Scheeliie, tungstate of calcium (CaW 04 ), occurs in California 
and Nevada along contacts between granite and limestone, and in 


quantities that make these deposits an economically important 
source of the metal tungsten. There are metamorphic deposits of 
ore which have no clear relation to contact with intrusive igneous 
rocks and yet have the same association of minerals, which points 
to their formation by similar agencies. It may be that the plu¬ 


tonic intrusive is vertically beneath the ore body and concealed by 
a few hundred or a few thousand feet of rock. An especially inter¬ 


esting ore deposit is at Duckto^vm, in the Appalachian Mountains 


of eastern Tennessee, which has been worked for copper since 1848 


and still produces 9,000 tons of the metal annually. The ore is in 
intensely folded, compressed arkose; sediments which have been 


metamorphosed into cr^’^stalline schists, and is a coarsely crystal¬ 
line mass of the sulphides of iron, copper, zinc, and lead, with iron 
oxide and a long list of silicates. All these would appear to be 

emanations from an igneous intrusive, but if so, the source is not 
known. 


Another remarkable and much-debated ore body is the great- 
deposit of zinc and manganese minerals at Franklin Furnace in 
northern New Jersey. There are two ore bodies, one at Mine Hill 
and the other, three miles away, at Stirling Hill, and they are in a 
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coarsely crystalline Pre-Cambrian limestone, with gneiss of igneow 
origin adjoining the limestone. The ore is made up pnn»p.lly 
of franklinite, a complex oxide of iron, inanganese, and sine 

l(FeMnZn)(FeMn),0.1 but witha large proportion of i^mte aih- 

cate of sine (Zn,SiO,), and a smaU quantity of Mcite (ZuO). W 
dated with the ore is a host of rare minerals, 100 d^erent kmda » 
far known, many of which are not known anywhere elre m tte 
world Most of these are attnbuted to emanations from 
pegmatite dykes which cut across the ore body^ A reiMtoble 
Sure of these deposits is the absence of sulphid^. which are 
found only in younger veins that mteisect the ore body. 

No generaUy acceptable explanation of these ext^rdinar, 
deposits has been propounded, though many theories oUhcir on- 

giu have been suggested. Professor Lmdgren says of them. It 

S certain that the texture of the ore and the umversal reundmg or 
cording of the ore minerals point distinctly to igneous mete- 
s^^tic 'ction. The abundance of the spinel mmerala is mdicahvc 

of high temperature.” 

D. jMet-UsUFEROUS Veins, or Lodes 

The crevices and assures which traverse hard rocks are frequen% 
fllcd by the deposition of crystalline subslanoB and are calM 

X^Iti^^troallldedr from the wait, such as the 

l:?han"may ron for many miles ^d " 
faily constant width, and by definite 

Such veins are really «“'^'^,nfbided, with the bands 
Tr^M rthetrXiS In a simpi; vein the mineral filling Is 
Sher deposited hre^»riy;;^f “ 

f :a^: one of the 

is by the deposition of Metals on t « 

rvernMrt"aL^-all^ aWd In symmetrical pahs 

'T reLTStsymmetrlcal arrangement is deparmd !,«. 
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because a fissure may n^op+-ri^‘<l arel r^-w-wf-d <i^*pO'‘i*i"ri f"ll'j'.v. 
the older vein forming one w;tll of the n^^v.-er onta The parallel 
bands may all be of th*^' satru'^ mineral, or each .symmetrical pair 
mav be different from the others. A zone of sha'tere'.i fauh rc>ck 

%r 

mav be converted into a iiiineral vein. v.-hich then -vvill be iiianlv 

m *• 

complex, branching and anit-tomo'ing ar'^und *he broken piece' 
of countrx' rock. The nature of tlii.' w;ill rock itself ofit-u d'-'f-r- 
mines whether a vein shall simple or complex, aiid 'he 'arm- \'ein 
may be simple in one part of its course, or complex in aiio‘h>-r. a' thc 



wall or country rock changes from point to p<,nnt vertically or 
horizontaUy along the strike of the vein. Beb.re the dapositiem 
of the mineral contents, the fissure or fault was o{x-n in part <;f its 
course, full of rock fragments in another, yet uith abundant inter¬ 
spaces through which the aqueous solutions, mostly hot, could 
circulate freelv. 

Still another class of veins comprises those of rtplacerntnt, in 
which the circulating waters have gradually substitutehi one niin- 
eral for another. A replacement vein is apt not to have sharplv 

. new deposits impregnate the country’ rock 

and fade away into it, especially if that rock is a limestone. 
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MetallikTom Veins are mineral veins which conmrn native 
mrtals or ores in economieaUy important quantities; the most ft<s 
quent gangue minerals are quartz, caleite, and bante (hea^ spar, 
BaSO.) They are deposited by ascending hot waters which are 
of unimrlain origin, whether vadose or juvenile or partly one ^ 

in fissures under difiering conditions of temt«rature and 
or^Sure. The scheme of classification of the rnetaWerous ve^ 

hi this chapter. The division is into three groups, which ^ 
Taracterized by the conditio^ ^ 

under great procure and at togh ‘-^"“dSoS-ToiSe 

:tXnr high pre^ssure. 3. Epithermal ~ ^ 

surface under moderate pressures and at temperatures p 

Hvnothermal Deposits are found in or near plutomc bodies 

which ha\e y temperatures and pressures may be 
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and Bolivia in which tungsten is the principal metal. The most 
prolific mines are those of Burma, which produce nearly one-third of 

the world supply. 

3. Gold-Quartz. Hypothermal gold veins are found in many 
regions in Pre-Cambrian and the older Palaeozoic rocks. There is 
a belt of such veins in the southern Appalachians from iNIar^dand 
to Alabama, which have been successfuly mined. Quartz is the 
principal gangue mineral, but there is a long list of others, such as 
calcite, garnet, feldspar, tourmaline, p^Tite, etc. These deep- 
seated gold veins are frequent in the Canadian pro\unces of Ontario 
and Quebec, in various western states, especially South Dakota 
and New Mexico, in Europe, South America, South Africa, and 
India. There are many other gold-quartz veins which were formed 
at higher levels and lower temperatures and pressures, or at later 
periods of geological time. 

4. Copper, In many hj-pothermal veins is found the association 
of chalcopjTite with tourmaline and man 3 " other minerals in smaller 
quantities, the oxides and sulphides of iron, molybdenum, and 
tungsten, mica, fluorite, and quartz. Such deposits, which are 
widely distributed through the world, are sometimes in fissure 
veins, sometimes in the shattered zones of fault rock. The coun¬ 
try rock is subject to extreme metasomatism and tourmaline is 
formed to considerable distances within the walls. Tourmaline- 


copper veins are frequent in Chile; in the Andes, at a height of 
8,000 feet, southeast of Santiago is the Teniente, or Braden, de¬ 
posit, which Lindgren calls “the most prominent representative 
of this type in the world.” Smaller depx)sits of the same type 
are found in the Cordillera of the United States. A very excepn 
tional series of veins is in the great Cobar district in New South 
Wales, Australia. These are replacement veins cutting lower 
Palaeozoic sandstones and slates in a* much-denuded desert range 
of mountains; the vein walls are not well defined, for the ore 
grades into the coimtry rock. The ores are sulphides of iron and 
copper with some gold and silver; the gangue is quartz and other 
minerals. Though these veins must have been filled at great 
depths and high temperatures, no intrusive rocks are known for 
a long distance, but what plutonic bodies may be underneath 
them has not yet been ascertained. 


Lead-Silver-Zinc. Lead and zinc sulphides are usually 
^d at lower temperatures than obtained in the hypothermal 
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flone, but some veiy productive high-temperature veins have been 
found in Mexico, New Mexico, and Montana, British Columbia 
and, above all, at the famous Broken Hill in New South Wales. 
Some of these veins have tour malin e in the gangue, as in the veins 
connected with the Boulder batholith in Montana; others have 
garnet, mica, and other high-temperature minerals, as at Broken 
HiU, in Australia, in the Kootenay district of British Columbia, 
and at Hatchita, New Mexico, and at several places in ^lexico. 

2. Mesothennal Deposits are those intermediate in depth of 
original formation, in temperature, and pressiire; they include 
deposits in a shell approximately from 4,000 to 12,000 feet below 
the surface as it was when the veins were filled. Denudation 
in all cases cut deeply into the ancient surface. Of course, a given 
temperature and pressure were not always at the same depth 
below the surface, depending largely upon the level to which the 
intruding igneous body had risen. The most frequent ores in 
veins of this class are sulphides and arsenides of silver, copper, 
lead, sine, and native gold. Quartz is the principal gangue 
mineral, calcite and barite are common, but not the hi^-tempera- 
ture minerals such as the amphiboles and pyroxenes and garnets, 
tourmaline, and topaz. The vein fillings are believed to be depos¬ 
ited £rom hot aqueous solutions, or hydrothermal action, which has 
also produced more or less extensive metasomatic or replacement 
effects in the country rock, and many ore deposits are regarded as 
due to replacement rather than to deposition in an open fissure. 
“The mesothennal deposits are probably largely derived from 
differentiation in congealing bathohthic masses.” (Lindgren.) 

1. GoUrQuartz Veins. The association of gold and quartz is 
proverbiaL Such veins have a wide vertical range, but the most 
important of them belong to the mesothennal class, such as those 
of the western Cordillera of North America and of eastern Aus¬ 
tralia. The Sierra Nevada Mountains of California are the seat 
of perhaps the most famous of the gold-quartz veins. The gold 
belt is on the western slope and in the foothills of the range and 
extends, with some interruptions, through the whole length of 
the state, from south to north. In Oregon it passes beneath 
newer p(m*s and is lost to si^t. The greater part of the Sierra 
consists of an immense batholith of granodioiite and siTnilAT 
Igneous rocks, which invade intensely compressed, folded, and 
metamorphoBed sedimente of Palffiosoie and MAfanfcnin acm anf.ii 
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silver is often in sheets along the walls of the veins; one such sheet 
weighs 1,640 pounds. 

3. Copper Veins of mesothermal origin are common, but few of 
them are of great value, unless they carry paying quantities of gold 
or silver. The most important of the copper veins are the pyrite- 
enargite, sulphide of copper and arsenic class in the Cordillera of 
North and South America. Argentina, Chile, and Peru have very 
productive mines of this type and the deposits at Butte, Montana, 
still yield a large production. 

4. Pyrite Replacement Deposits include ore bodies of verj" dif¬ 
ferent origin; some are associated with high-temperature min¬ 
erals, such as amphibole, pyroxene, tourmaline, and garnet, others 
with m i n erals formed at lower temperatures, calcite, barite, and 
quartz. In northern Cahfomia (Shasta County), in an intruded 
body of porphyry, are very large irregular masses of pjTite, caiTj-^- 
ing about three per cent of copper and small quantities of gold and 
silver. The pyrite is a replacement of the porphjTy in sheared 
and broken zones. 

The Rio Tinto copper deposits in southern Spain, still among the 
most productive in the world, have been worked since the third 
century, b.c. The ores are almost massive pjTite, with a little 
copper sulphide, and their mode of origin has long been discussed, 
with varying explanations. The best established conclusion would 
seem to be that they are replacements in sheared zones and along 
porphyry-schist contacts by hot aqueous solutions. Similar 
pyrite-copper deposits are found, among other localities, at Mount 
LyeU, in Tasmania, and in the Harz Mountains in German 3 ^ The 
latter have been worked since the tenth centurjq at least, but 
there is no general agreement as to the origin of the ores. 

3. Epithermal Deposits, like the hypothermal and mesothermal, 
are derived from igneous magmas by ascending hot waters and 
deposited in fissure veins, mostly in lava flows of Tertiary age. 
The lavas are nearly always of the intermediate and acid kinds, 
seldom basalts, and they are, for the most part, of circum-Pacific 
distribution, though also occurring in Hungary and Transylvania. 
Veins of this type occur in New Zealand, the East Indies, Japan, 
and, above all, in the Cordilleran region of the Americas, where 
are found the famous “bonanzas” (a Spanish word which means 
success) to which so much of the romance of Colorado, Nevada, 
and California is due. Much of the annual production of gold. 
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volcanic chimney ia filled chiefly with tuffs and breccias, cut by 
later dykes of basic rocks, and the veins were apparently formed 
soon after these intrusions, and irregular bodies of ore, due to 
replacement, are found in the granite walls of the volcanic pipe, 
near the contact. The valuable ore-mineral is a telluride of gold 
(AuTes) with small quantities of sulphides of iron, zinc, copper, 
antimony, etc. The gangue is chiefly quartz, but has also con¬ 
siderable proportions of dolomite and fluorite. 

4. Veins of Other Metols. Ores of the base metals are not com¬ 
mon among the epithermal class in such quantity as to be mined 
chiefly for those metals; sulphides of lead, zinc, and copper do occur 
quite widely, but the principal values are in gold and silver. Re¬ 
placement deposits in limestone may be rich in galena. The San 
Juan Mountains in Colorado are largely made up of volcanic rocks, 
lavas, tuffs, and breccias, which were erupted at inter\-als during 
the whole Tertiary period and piled up to a thickness of many 
thousand feet. Since volcanic action ceased, denudation has 
carved the volcanic mass into extremeh' rugged mountains and 
has cut deep into the lavas, exposing a great number of metallifer¬ 
ous veins. There are large quantities of the sulphides of lead, 
zinc, and copper, but gold and silver give the chief value; the 

gangue is m ai nl y quartz, but barite, fluorite, and manganese 
minerals are frequent. 

5. Capper and Zeolites in Lavas. Native copper and its oxides, 
in association with zeolites (see p. 38), are frequently found in 
basic lavas, filling the vesicles and gas holes in the rock, though 
sometimes in replacement of it. These copper-bearing lavas are 
of world-wide distribution, but in only a few places are the ores 
rich enough to be exploited. Copper is disseminated through 
most, if not all, basic rocks, supposedly as a silicate in volcanic 
rocks and as a sulphide in intrusives. Concentration is due to hot 
waters. “Generally, however, the concentration in basic flows 
to valuable deposits can be designated as an eruptive after effect, 
which occurred soon after the eruption.” (Lindgren.) The tem¬ 
peratures indicated are in the neighborhood of 300° C. 

^e most extensive and valuable of known copper deposits of 
this type are found in the northern peninsula of Michigan, along 
the shore of Lake Superior. There, in a vast syncline, is an im- 
me^dy thick series of lava flows, sandstones, and conglomerates 
of Pre-Cambrian age, comprising a belt of copper-bearing rock. 
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gold-quartz veins, the gold is contained in crystals of pyrite, while 
above the ground-water level, in the shell of oxidation, the pyrite 
has been removed and the gold is scattered in minute threads and 
grains of native metal through a mass of broken quartz, stained 

rusty red or brown by iron oxide. 

Below the level of oxidation is that of the secondarily enriched 

sulphides, carried down from the leached portion of the vein by the 
aid of the sulphuric acid. These concentrations often make the 
richest and most productive part of the vein. The deeper part 
of the vein carries the primary sulphides and is much less produc¬ 
tive of metal values than the secondarily enriched portion; the 
formation of secondary sulphides is a very complex chemical pro¬ 
cess, differing according to the metal involved, but into these 
det^ it is not possible to enter here. The essential part of the 
process is that primary sulphides in the shell of weathering are 
rendered soluble, carried down below the water table, and recon¬ 
verted into richer sulphides. 

E. Deposits en Sedimentary Rocks 

Aside from the metalliferous veins which traverse rocks of all 
kinds, ores in sedimentary rocks may be placed in two classes: 
(1) syngenetic, those which were deposited as a part of the strata 
and at the same time, and (2) those which were subsequently intro¬ 
duced, or epigenetic. 

1. Syngenetic Ores: 1. Iron. Bog-iron ores are, at present, 
accumiating in lakes, swamps, and bogs (see p. 353), partly by 
chemical precipitation, partly through the activity of bacteria. 
When deposited in the presence of free oxygen, the ore is haematite, 
or limonite; where oxygen is excluded, the carbonate, siderite, is 
thrown down. Oolitic ores, mostly of haematite, are found in many 
sedimentairy rocks under conditions which seem to demonstrate 
their s 3 nigenetic origin. This was shown for the haematites of the 
Silurian stage called Clinton, which extend from New York to 
Alabama, attaining their greatest development in the Birmingham, 
Alabama, district, where they are extensively mined, yielding 
about eight per cent of the totad iron ore tonnage of the United 
States. 

Iron deposits, excepting glauconite (p. 395), do not appear to be 
forming in the modem seas, but in Pre-Cambriam amd Palaeozoic 
times oolitic haematite and mixed ores were repeatedly deposited 
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m shallow In Newfoundland, the ooUtic Wabana ores are 

very extensively mined; these are principally hsematites but con- 
more or less siderite and chamosite, a chloritic iron mineral 
They occur m Ordo^dcian strata and their syngenetic nature has 
been proved. TMn beds of oolitic pyrite, also laid down in the 

^a, ^ found m the Wabana district. Chamosite-hamatite 
deposits are very widely distributed. In the Pre-Cambrian of 
Bra^ very valuable and extensive deposits of hamatite, not 
ooUtic in structure, occur in sandstone and are plainly syngenetic. 
Much the most productive iron ores of Europe are the oolitic 
limonites of Lorraine, in eastern France, which occur in horizontal 
strata of Jurassic date; the ores are local bodies, of lenticular shape. 

Siderite ores, which were formerly of considerable economic 
imjwrtance, occur in marine Palaozoic strata in the Appalachian 
region from Pennsylvania to Kentucky and in Ohio. The “clay 
iron stone” ores, as they are called, are often in layers of concre¬ 
tionary nodules, which, like other concretions (p. 414), were formed 
after the deposition of the beds. 

The principal iron ore supply of England is derived from marine 
Jurassic beds in Yorkshire. The ores are called “chamositic 
sandstone” and “chamositic, siderite sandstone”; the cham¬ 
ositic ore is partly in oolites, but the siderite is rarely so. 

2, Manganese is found in sedimentary rocks, but much less 
e.xtensively than iron; all igneous rocks contain it in minute quan¬ 
tities and it is dissolved and carried away as a carbonate and pre¬ 
cipitated chiefly as the black oxide, MnO, or, more rarely, as the 
carbonate. The largest known deposit is in southern Russia (the 
Georgian Republic) and the ores are found in marine sandstones 
and clays of the early Tertiary period. There may have been some 
enrichment. 

3. Copper. Syngenetic copper ores in stratified rocks are rare; 
one of the very few that are of industrial importance is the black, 
cupriferous shale (Kupferschiefer) of Permian age, at Mansfeld in 
Germany, which has long been mined. The copper is distributed 
in minute particles of the sulphides through the shale, which is full 
of the fossils of land plants and was evidently a marine mud, largely 
organic, laid down in shallow water near the land. The origin of 
the copper has been much discussed; most German geologists have 
concluded that the metal was brought in in solution, probably as 
a sulphate, from the adjoining desert shores. The quantity of 
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vegetable matter in the mud would reduce the sulphate to sul¬ 
phide. It has been suggested that the sulphur bacteria were the 

j^ents of deposition. 

Ores of Weathering 

It was shown above that metalliferous veins in the shell of weath¬ 
ering were leached in the upper portion and greatly enriched below 
by the deposition of the sulphides carried down from above. A 
somewhat different set of conditions results in the formation of 
residual ores, left behind and more or less concentrated as other 
constituents of the rocks are removed. In the southern Appa¬ 
lachian region, from Virginia to Alabama, are many “pockets” 
in limestone and other rocks which are filled with clay having 
numerous lumps and nodules of limonite derived from weathered 
rock. Other ores replace sandstone and limestone along the flanks 
of the major anticlinal folds. These ores have long been mined, 
but with diminishing production. 

The great iron ore deposits of Bilbao, in northern Spain, which 
are very extensively worked, are largely residual, as are also three 
newly discovered districts in eastern Cuba, in which oxidized ores 
form superficial sheets, the residue from the weathering of ser¬ 
pentine. 

Most of the supply of manganese is derived from residual 
deposits. In the United States there are many scattered areas 
which can produce manganese, as in the Appalachian region, in 
Arkansas, Montana, and California, but only a small proportion 
of the needed supply is of domestic origin, more than six-sevenths 
being imported from Russia, Brazil, West Africa, and India. The 
Russian deposits, as mentioned above, were laid down in marine 
strata, but the Indian, African, Brazilian, Central American, and 
Cuban deposits are residual. 

Lake Superior Iron Ores. This area, which is chiefly in Minne¬ 
sota, but extends also into Wisconsin, Michigan, and Canada, 
supplies 80 to 90 per cent of the American output and more than 
one-third of that of the entire world and is the most productive 
of all known iron ore regions. The ores are chiefly haematites con¬ 
centrated by the action of surface waters from iron-bearing sedi¬ 
mentary rocks of Pre-Cambrian age. In their original form the 
iron compounds were carbonates and silicates, chemically deposited 
and interstratified with slate and quartzites. Percolating waters, 
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CO, in solution, have decom- 
posed the tfon compounds, producing the ferruginous cherts and 

J^per of the region. Later, descending waters leached much of 

the silica, leanng high grade, usuaUy porous masses of haimatite 

1 ne process is somewhat analogous to the secondai^- enrichment of 

metalliferous veins, described above. By this concentration the 

proportion of iron is more than doubled, increased from an average 

of 2o to oO per cent. The work was achieved in ver 3 - ancient times • 

at present, very little deposition of iron is taking place. 

2. Epigenetic Ores are those which have been introduced after 
the formation of the rock, or, if not actually brought in from out¬ 
side, concentrated and deposited since the formation of the beds. 
The ores in sedimentarv- rocks are copper, lead, and zinc; the first 
IS usually of no great industrial value. TOle some of these 
deposits are of doubtful origin, they are generally held to be con¬ 
centrated by surface waters, which have leached the metals from 
inclosing or more or less distant rocks. 

Copper is very widely disseminated in sandstones and shales 
which o\ erhe or are a part of the “Red Beds,” in the southwestern 
Lnited States. The Red Beds are Pennsylvanian, Permian, and 
Triassic in geological date, are of continental origin and were 
laid down in an arid climate. The copper was introduced in solu¬ 
tion from older rocks, and frequently fossil wood in the sandstone 
is replaced b^' copper sulphides. In New Mexico, where the 
cupriferous beds are mined, was found a fossil tree-trunk, 60 feet 
long, which was almost completely converted into copper sul¬ 
phides. Copper-bearing sandstones have long been mined at 
Coro-Coro in Bolivia. In the Triassic sandstones of Europe, which 
were also deposited under arid conditions, and in the Permian 
sandstone of western Siberia, there is a great deal of disseminated 
copper, some of it successfully mined. 

Lead and Zinc in Sedimentary Rocks. These are found all over 
the world and are of remarkably uniform character, being every¬ 
where found in calcareous rocks, limestones, dolomites, cherts 
derived from limestone, or calcareous shales. The ores are sul¬ 
phides, near the surface o.xidized as sulphates, carbonates, and 
silicates. A little iron sulphide, usually as marcasite, and small 
quantities of copper or silver may be present, but gold, antimony, 
and arsenic are entirely wanting. The ores are either in breccias 
or cre\dces, or they form flat “runs” of metasomatic replac^aent. 
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following some bedding plane. In the Palaeozoic limestones of 
the Mississippi Valley, especially in the adjoining parts of Mis¬ 
souri, Kansas, and Oklahoma, are the most productive deposits. 
Similar deposits are found in Triassic limestones of Polish Silesia 
and the Austrian Alps; Silesia is one of the most important zinc 
areas in the world. There are great deposits in the Palaeozoic 
limestones of Santander in Spain, on the island of Sardinia, and in 
Rhodesia. The latter deposit is of zinc, lead, and vanadium, and 
the ores are replacements along the fissures and bedding planes of 
a dolomite, date unknown. 

The occurrence of the sulphides of zinc and lead in limestone is 
thus a world-wide phenomenon and a very puzzling one, for which 
there is no generally accepted explanation. Most geologists believe 
that the minutely disseminated particles of the ores in limestone 
and shales have been concentrated through solution and rede- 
position by meteoric waters. According to some students of the 
problem the action has been by means of descending waters; 
others look to ascending waters, derived originally from the sur¬ 
face, while others, again, would appeal to thermal waters rising 
from deep-seated intrusions. In the present state of knowledge, 
it is not possible to decide between these alternatives. 

F. Placer Deposits 

Placer deposits are those of the heavy metals, chiefly in river 
gravels, but sometimes in beach sands, as at Nome, Alaska. The 
weathering of auriferous veins gives rise to particles and lumps of 
gold which, after transportation in swift streams, sink to the bot¬ 
tom. The gold remains on the “bed rock” or in the lower part of 
the gravels, diminishing upward, until, near the top of a thick mass 
of gravel, there is practically no gold at all. The gold is concen¬ 
trated exactly as are the heavier minerals on a stream bed, ac¬ 
cording to its specific gravity and the size of the particles, which 
di mini shes down stream, because tbe velocity of the current de¬ 
creases in that direction. The same rule applies to mineral parti¬ 
cles of all kinds, but gold is so very much heavier than the ordinary 
rock-forming minerals, that only very fine particles are carried far. 

About 10 per cent of the annual output of gold throughout the 
world is derived from placer mines, and these are mostly in coun¬ 
tries new to European settlers. In the countries of Europe, such 
as Spain, Italy, Hungary, and Bohemia, which once had profitable 
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p acer mines, the deposits have long been worked out. But ail 

ong Pacmc coast of North America, especially in California, 
Bnti^ Columbia, and Alaska, placer gold is still extensively mined. 
In Victoria, Australia, is another and very celebrated region of 
placer deposits, especiaUy remarkable for the large nuggets of gold 
which have been found there, one of which exceeded 200 pounds in 
weight. Large nuggets have also been found in California, but 
they are somewhat smaller than those from Australia. 

1. Platinum has hitherto been almost entirely derived from 
placer workings, especiaUy those in the Ural Mountains of Russia 
but the magmatic ores of South Africa (p. 514) may become aii 
important source of supply. Tin is also largely produced in placer 
deposits, the stream tin of the Malay Peninsula, which suppUes 
some 60 per cent of the world’s consumption, being cassiterite in 
river gravels. An additional 10 per cent is taken from placers in 
islands near Sumatra, China, western Africa, and Australia. 

2. Gold-bearing Conglomerates. The placer dejxjsits are nearly 
aU of late geological date. Tertiary and Quaternary, because such 
thin and loose deposits on the land could not be expected to escape 
denudation. In a few instances, however, gold-bearing gravels 
have been consoUdated into rock, and some of these are mined. A 
little is obtained from Cretaceous conglomerates in Oregon and 
Cahforma. In the Black Hills, Cambrian conglomerates, truly 
caUed “fossil placers,’’ have been mined. 

3. Gold Fields of the Transvaal, South Africa. These wonderful 
mines supply about one-half of the world’s annual gold production, 
some $200,000,000. The gold is found in a syncline which is 
about 120 miles along the strike, the outcrop of which forms the 
Witwatersrand, a prominent ridge, and the gold occurs in several 
beds of conglomerate. The series of strata consists of somewhat 
metamorphosed quartzites and slates interbedded with the gold- 
bearing conglomerates. The geological age of these beds is not 
determinable, because of the entire absence of fossils from all of 
them; the maps merely assign them to some “pre-Devonian” 
date. The conglomerates are not very coarse, having pebbles of 
about two inches in diameter, or less, with a sandy matrix inclos¬ 
ing them, which has been made very hard by the deposition of 
silica between the grains. The matrix has a large quantity of 
pyrite, which makes up about 3 per cent of the rock and the gold, 
in almost microscopic shreds and particles, is associated with the 
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P 3 Tite in the sandy matrix, not in the pebbles, which are mostlj 
quartz. 

Despite long and intensive research and much debate, there ar< 
stUl great differences of opinion among geologists and mining engi 
neers as to the origin of the gold; there are difficulties in the way o 
any explanation. The opinion which is, at present, most widel} 
held is that the conglomerates are ancient placer deposits, in whicl 
the gold has been recrystallized. Many excellent workers, how¬ 
ever, regard the gold and pyrite as epigenetic and as having beer 
introduced after the deposition of the ffravels. 
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CHAPTER XXIV 
LAND SCULPTLTIE 

conception of the geographical cycle, consisting of 3 ^outh 
maturity, and old age, was introduced in connection with the de^ 
velopment of rivers (p. 279), but is as applicable to the topography 
of a region as to its rivers. Indeed, the two usually go together 
tor nvere are a very potent agent in the development of land sur¬ 
ges. If not interrupted hy a diastrophic elevation, the destruc¬ 
tive agents, the work of which was described in Chapters XI to 
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Fig. 256. — Diagrams of topographic changes with age. Upper model in 

folded strata, lower in horizontal. (G. H. Ashley) 

X\TI, would cut the land surface down to a featureless plain, and 
even this would eventuallj' be swallowed up by the sea. The sur¬ 
face of the low-Ldng land, nearlj’’, but not quite a plain, is called a 
peneplain and represents the last stage of a geographical cycle. 
Another term which means almost the same thing is base-level, 
already used in connection with rivers. A region is base-leveled 
when it has been denuded to such an extent that the subaerial 
agents of destruction have almost ceased to operate. This is 
rather more advanced than the peneplain, but the difference is not 
great. 
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If, now, the peneplain should be diastrophically raised into a 
plateau, all the destructive agents would be rejuvenated, for the 
driving force of most of them is gravity. The renewed attack 
would run the same course as the previous one and end in the same 
way. Thus the course of topographic development from pene¬ 
plain to peneplain constitutes the geographical cycle. Cycles are 
seldom, if ever, complete; before one has reached its end, it is 
interrupted by a crustal movement, which, if upward, begins a 
new cycle before the preceding one is finished, and if downward, 
may submerge the whole region beneath the sea and thus put an 
end to all topographical development of that area. 

It is only fair to say that this conception of the geographical 
cycle is rejected by many geographers and geologists, especially in 
Germany, and it is not yet possible to decide between the rival 
hypotheses. Nor can the controversy be taken up here, as that 
would be unsuitable for an elementary textbook. To allow 
nationalistic feeling to influence one’s judgment in scientific mat¬ 
ters would be the height of folly, yet the ideas worked out by a 
succession of eminent American geologists and geographers, and 
especially by Professor W. M. Davis, seem to be the best e.xplana- 
tion of the American scene. 

When an u nfinis hed cycle is interrupted and a new one initiated, 
certain remnants of the old topography may long persist and give 
material aid in reconstructing the steps of change. 

While the denuding agents will, if allowed the needed time, 
remove all topographical features and reduce the land to a pene¬ 
plain, yet, for a long period, denudation will increase irregularity 
of surface, but it operates with much greater rapidity and effec¬ 
tiveness along certain lines, usually those of the streams, than along 
others. River valleys are rapidly cut down to base level, but the 
divides between them are worn away very much more slowly. A 
plateau which is sure to be removed in its entirety will first be 
dissected, cut up into blocks, which, in turn, are slowly worn 
away. So long as there is a strong contrast between mountain 
and pkin, hill and valley, a region is said to possess relief, and 
iMturity of development is reached when the maximum of diver¬ 
sification is reached. In short, erosion does not operate like a 
plane, smoothing a board, but like a gouge, which cuts away line 

after fine, until the junction of the fines produces an approximately 
plane siuface. 
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Primarily, relief is due to the struggle between diastrophism 
which, on the whole, increases the height of land, and denudation 
which sweeps it away, but while relief lasts, many more factors 
enter into the problem. The topography of any region is tht 
resultant of the very complex interaction of many factors, active 
and passive, antecedent and subsequent. By no means all features 



Fig. 258. — Mature mountain topography. Sawtooth Range, Idaho. 

(Courtesy of the Chief of Air Corps, U. S. Army) 


of rehef are formed by destructive action, for many such features 
are the outcome of constructive activity, but these constructions 
are attacked in their turn and removed. Volcanic mountains and 
plateaus, plains made by deposits on the sea bottom subsequently 
rai^d mto land, aUuvial plains of rivers; the hills, ridges, and 
dnft sheets made by glaciers and the waters derived from their 
meltmg, are examples of constructional topography. 
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fea, ,°n to '^toch the main 

-n .vetaed bv 

are linerofTM^to^” ^“1^;’“' 

Each of the great eroding agents has its characteristic forms 

raphy changes accordingly. Which is as much S to sav tSt' 
pa> from the seacoast, differences of chmate are reflected in dif’ 

evp^sLn fo??f differences are merely another 

temt^itl^ ' ^ topography. The rehef of pluvial and 

temperate regions is entirely different from that of arid and desert 

mrinra running water are the sculp- 

tunng agents, and in the other, the heat of the desert sun and tL 

o^^t^e fd h ^^°d. Tropical topography, whether 

or not ^eIled by a dense cover of vegetation, is different from that 

of any other chmate, because of the absence of frost and snow, save 
rom the tops of high mountains, and the extraordinarilv active 
work of the ram in chemical decomposition of the rocks. 

rivers are characteristic of tropical and subtropical climates be¬ 
cause of the great rainfall and its mechanical effects. Evei^* ch¬ 
mate thus has the topography which expresses its characteristics 
All of the preceding factors which control the development of 
relief are active, d%Tiamic, but there is another, no less important 
series, in which the factors are entireh* passive, and that is the 
character and arrangement of the rocks, whether hard or altemat- 
ingly yielding and resistant to disintegration, whether sedimentarj", 
igneous, or metamorphic. .\s most of the land is made up of sedii 
mentar>' or stratified rocks, the attitude of the strata, whether 
horizontal, tilled, folded, or faulted, has a most important bearing 
upon the resulting topography and, in regions of igneous rock, the 
form of the volcanic or plutonic bodies, cones, flows, dj’kes, siUs, 
etc., etc., is still another determinant. The ciy'staUine schists, 
when forming the p>eaks and ridges of high mountains, weather 
with a characteristic and unmistakable ruggedness, u nlik e that of 
other rocks. 

Constructive processes of accumulation, esjieciallv when work¬ 
ing in conjunction with diastrophic movements, may completely 
bur>' an ancient topography out of sight, substituting a new and 
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When^tL^^t denuding agents to work upon, 

face in ea^t^rn 

period. How far inlanrJ +K- T- ^^Lier part of the Cretaceous 

a matter of deb"e:"bufitX " 

ent Appalachian ridees, T\Tipn fhe^ t-o-t ^ +■ ^ ^ of the pres- 

brought to light and subjected to further 
The resurrect ion of ancient land surfaces of reUef may go back 

Sain In the“ch“" the Coastal 

^lam. In the Charnwood Forest (Leicestershire) in England the 
ancient land surface of Permian times, which was of Archsean 
rocks, v^uth intrusions of granite, is being resurrected by the denu¬ 
dation of the soft overhung rocks, thus creating “a patch of high¬ 
land ^cenerj^ m the verv^ heart of the English plain.” (J. A. Howe.; 
If a rough calculation be made of the permutations and combina¬ 
tions of the many factors which enter into the determination of 
topographical features, it will readily be seen that the endless 
variety of scenerv^ and landscape is accounted for. In a broad, 
general way, each climate has its characteristic features of land 
rehef; in details, the boundless variety is astonishing. The only 

topographical forms that are everjTvhere aUke are featureless 
plains. 

There is one general principle which applies to the forms of relief 
in all regions where the rocks carv^ed by erosion are heterogeneous, 
some beds or masses being harder than others. In this connection, 
the word hard means resistant to denudation, and in the great 
majority of cases the ordinary meaning of the word also applies. 
Sometimes a soft rock resists weathering better than a hard one 
because of its chemical compiosition. The general principle above 
referred to is that the soft rocks are more readily worn away, leav¬ 
ing the harder ones to stand out in relief. Relief is thus due to 
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two inequalities, in the operation of the denuding agents and in 
the hardness of the rocks. In a pavement of stone slabs that has 
long been worn by the tread of many feet, the originally smooth 
surface becomes unequal, sometimes because of the lines of maxi¬ 
mum traffic, which are more worn, and sometimes because of the 
harder spots, which wear little or not at all. The analogy with a 
land surface is quite complete. 

A. Land Forms in Stratified Rocks 

1. Horizontal Beds. A newly raised plateau of horizontal rocks 

is speedily trenched by the streams in deep, vertical-sided canons. 

Weathering gradually widens out the canons into broad valleys, the 

profiles of which are determined by the alternation of harder and 

softer strata. If the beds are relatively resistant, and especially 

if hard rocks form the surface of the upland, the extension of the 

ramifying valley system will dissect the plateau, into a series of 

flat-topped table mountains, which in the Southwest are called by 

the Spanish term mesa. The height of the mesas is determined by 

the depth of the valleys, which, in turn, is regulated by the height 

of the plateau above sea level. The mesas are attacked by the 

weather on aU sides and, unless protected by a harder cap, are worn 

into pyramids and cones, just as are the isolated stacks on the sea 

coast. Isolated fragments of the plateau in the Colorado Canon 

form pyramidal mountains, which are dwarfed by their surround¬ 
ings. 

If the whole mass of beds is soft and easily destructible, they 
will weather into dome-shaped and round-topped hiUs, as in the 
bad lands of the Dakotas and Wyoming, the fantastic scenery of 
which is famous and is the result of the weathering of soft, horizon¬ 
tal strata in an arid climate, unprotected by vegetation. Harder 
beds in such climates give rise to vertical-sided tables, such as the 
sandstone mesas so common in New Mexico. Table Mountain, 
near Cape Town, and the bold headlands, called the Twelve 
Apostles, which front the sea, are remnants of a plateau of hori¬ 
zontally bedded sandstones. Such table mountains, as the fre¬ 
quency of the name implies, are common in many parts of the 
world. 

If harder rocks lie beneath the softer ones, a change in topo¬ 
graphic forms will result when the harder rocks are exposed. In 
the soft rocks the valley sides have very gentle slopes, while the 
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facet ^tuJof‘’thr7n ' 1-ve «eep 

o-PTitl r ij j appearance of horizontalitv is given bv veri* 
which a^f ''"'h'K ''' Mountains of Northern Utah, 

the northern 7'*'^ ^'xt ' '‘“o™ous anticline, faulted along 

netr rte7i I "'“’“'aPf. the strata ant turned up to a 

nearly ^enlcaI position, the beds, in any single view appear to be 

f^? thl^ck the^^ h°- "basses of level strata, several thousand 

f peak^, ndges. and amphitheaters, which give to thet snow- 
pped mountains the extremely picturesque and beautiful ap- 
pearance that can be seen from afar across the level top of the hiih 

mnw^°T rises into the region of perpetual 

% f ■ t ^ gigantic scale attest the eflFective action 

whi K K ""'ll ‘conception of the amount of material 

i^en earned away in the sculpturing of these mountains. 

2. T,lUri or Inclined Beds. The strata in tilted fault-blocks are 
inchned, and parts of vers- wide folds may appear to be simplv 
tilted, because the cur^-ature is so flat. The Newark sandstones 
fof upper Tna.ssic agei which fill the Connecticut VaUey have an 
easterly dip, while those west of the Hudson River dip gently west¬ 
ward, and between the two is a broad area, fifty miles or more in 
width, where Pre-Cambrian crv'stalline rocks are laid bare. Some 
geologists believe that the two areas of Triassic rocks have been 
separated b\ denudation and that the portion swept away was a 
folded belt, of which the remaining strata were the flanks and the 
oppiosite limbs of anticlines (not of the same anticline). As a mat¬ 
ter of fact, it is indifferent whether these and many other masses 
of inclined beds were once parts of great folds or not, as the result¬ 
ing topography is the same in either case. 


If the inclined strata are made up of harder and softer beds in 
alternation, the latter will be removed more rapidly than the for¬ 
mer, which are left standing as hnes of cliff, the height and steep¬ 
ness of which are determined by the thickness and angle of inclina¬ 
tion of the more resistant strata. If the beds are steeply inclined, 
a succession of harder and softer ones, in alternation, wiU give rise 
to a series of ridges and valleys, the slopies of which depend upon 




the angle of dip. If the beds are vertical, the two slopes of each 
ridgp will be nearly or quite equal, the hard beds forming the back¬ 
bone of a ridge and the softer ones the sloping sides. Hard vertical 
beds may be left standing by the removal of the softer ones on each 
side of them and then they look deceptively like dykes of igneous 
rock. As the angle of inclination diminishes, the more unequal 
do the two slopes of each ridge become, the longer and gentler one 
being in the direction of the dip. Many examples of this type 
are to be found in the Appalachian Mountains, and an excellent 



?IG. 262. — Escarpment and dip slope, near Hyattsville, Wyo. (Photograph 

by Dart on, U. S. G. S.) 


Uustration of it is given by the Kitatinny ridge, which is cut 
hrough at the Delaware Water Gap (Fig. 113, p. 266). The 
irest of the ridge is formed by very hard conglomerates and sand- 
tones, with a steep escarpment, or cliff, on the southern side, whUe 
he broad valley above and below the Gap has been cut out along 
he strike of destructible rocks. 

The abruptly truncated, cliff-like outcrop of the hard stratum 
i, as just noted, called an escarpment and follows, with some sinu- 
sities, the line of strike. Whether the escarpment .ghall follow a 
enerally straight, or a cur^^ course, is determined by constancy, 
r change, in the direction of dip. The upper surface of the hard 
ed may be exposed by the stripping of the overlying softer beds. 
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and then the surface of the ground is formed by the resistant 
stratum and is called a dip slope. A series of gently inchned strata, 
made up of alternating harder and softer beds, will thus give rise 
to parallel ridges and valleys, or escarpments and dip slopes, accord¬ 
ing to the completeness with which the softer beds are removed and 
the harder ones exposed. A wonderful example of such topog- 
raph\ is displayed in the high plateaus of Arizona and Utah, where 
the dip slopes are from 20 to 60 miles broad and the escarpments 
1.500 to 2,000 feet high. The amount of denudation involved in 
the production of these vast amphitheaters staggers belief, but 
there is no doubt that it actually took place. 

By the eroding agencies the escarpments are slowly but steadily 
cut back in the direction of the dip. Rain and frost act directly 
on the hard beds, but cut them back more effectively by under¬ 
mining, thus causing the unsupported joint blocks to fall. The 
fallen talus, in its turn, is gradually disintegrated and washed down 
into the water courses. The escarpments may follow a relatively 
straight or a very sinuous course : the sinuosities, when present, 
are due to the undermining action of springs, which, by the reces¬ 
sion of their heads, excavate the line of cliffs into bays and amphi¬ 
theaters. Every step in the recession of an escarpment lowers the 
ridge and brings it nearer to base level, because it recedes down 
the dip. A steeply inclined bed needs to be cut back but a short 
distance before it reaches ba.se-level. 

A plain of marine denudation, or a peneplain worn down by the 


subaerial agencies in disturbed strata, usually cuts across the bed¬ 
ding planes and is a sloping surface formed by the outcropping 
of the strata. The first streams established would follow the 
slope (consequent streams) and the first valleys would be cut 
across the strike of the beds, trenching both hard and soft. For a 
time the hard beds would be in relief and would cause waterfalls, 
but these are soon removed. Such streams and valleys are said 
to be transverse. As the older consequent streams cut down their 
trenches, tributary valleys are excavated along the strike of the 
softer rocks, and these are longitudinal or .drike valleys. In a longi¬ 
tudinal valley, following the strike of weak beds, the stream which 
occupies it tends to flow along the foot of the escarpment formed 
bv the strong lieds and to shift its course laterally in the direction 
<pf the dip, cutting away the soft beds and undermining the hard. 
Such valleys tend to have one steep, or vertical, and one gently 
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sloping side. The strata dip across the stream and, hence, on one 
side are inclined toward the valley and, on the other side, away 
from it. The former is the weaker structure, because the loosened 
joint blocks glide into the stream, and the ground water, following 
the bedding planes, forms springs on that side of the valley. 

The steep ridges, or hog-backs, as they are locally called, so fre¬ 
quent in the foothills of the Rocky Mountains, are the simply 
inclined descending limbs of monoclines, from which the horizontal 
limbs have been eroded away. Between the hog backs and the 
mountains are valleys with longitudinal streams cutting along the 
strike. 



Fig. 263. — Monoclinal hogback with gap through ridge, near Canon City, 

Col. (Photograph by Walcott, U. S. G. S.) 


3. Folded Beds. A region of folded strata is, in the first 
mstance, thrown into a series of ridges and troughs, the ridges 
formed by the anticlines or saddles. In other words, the topog¬ 
raphy is tectonic, or structural, and is due to diastrophic movements. 
In moderate, or undulating folds, the tendency of denudation is 
to reverse the tectonic rehef and convert the anticlines into valleys 
^d the s^chnes into ridges, a very common arrangement in the 
Appalachian Mountains. See also Mont Perdrix in the Canadian 
Rockies (Fig. 247). This apparently paradoxical result is seen, 
on examnation, to be natural, indeed inevitable. The crests of 
newly formed anticlines have been subjected to tensile stresses 
whieh open the jomts of the strata and render them readilv 
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I? while the syncline is tightly com- 

pr^ed, the joints of its strata closed bj' crowding. 

There is another factor tending to produce the same result. In 

folded senes of alternating harder and softer strata, the anti- 

e:^osed ^d unprotected, the s3Ticlines are soon covered 
with the debns which washes down from the ridges, and in the 
exposed anticlmes the hard beds are first reached and cut through 
T u an underljdng mass of soft strata is reached, it is rapidly 

trenched mto valleys which may soon be excavated below the level 
of the synclinal troughs. 

The Jura Mountains of northern Switzerland and southern Ger- 
many, although they have undergone considerable denudation, 
still have their principal features of relief determined by the folds 
which make the vaUej's and ridges. The range, which measures 
about 192 miles from east to west, consists of ten or twelve parallel 
lines of anticlinal ridges, more in some transverse lines than in 
others, for none of the ridges is continuous for the whole length of 
the range ; thej^ die down and are replaced by others, usuallj- with 
an offset, not in the same line. In length they measure mostly from 
2^ to 55 miles, but one ridge is almost one-half of the length of the 
range as a whole, 97 miles. This arrangement of manj^ shorter 
ridges is usual in mountains and comes out very clearlj' in a relief 
map of the Appalachians. 

Denudation has considerably reduced the height of the anticlines, 
removing from their summits strata which are still preserved in the 
valle 3 ’'s and on the flanks of the ridges. Many transverse valle 3 ^ 
cut through the ridges connect one longitudinal, synclinal valley 
with another; Supan’s sketch map of the headwaters of the Biss 
shows that that stream and its tributaries have cut twent 3 ’'-one 
valle 3 ^s through the ridges. 

Mountain ranges, which are dealt with in another chapter in 
greater detail and more at length, are of very different geological 
dates of origin and, consequentU’^, of very different degrees of denu¬ 
dation. The loftiest ranges, such as the Alps, the Himalayas, the 
St. ELias range in Alaska, are of very late elevation, relatively 
speaking. Whatever their date, all of the existing high ranges 
have suffered great denudation, the more ancient ones in greater 
degree than the younger chains. Peaks, crests, amphitheaters 
are all features due to erosion, though the principal ridges be of 
tectonic origin. Many ranges, like the Rockies and the Sierra 
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Nevada, have a core of granite, which makes the serrate sky line, 
for the bedded rocks have been stripped away from the summits. 
Very ancient mountain ranges, such as the Appalachian, have an 
entirely different type of topography due but remotely to folding 
and far more to their history and erosion. 


B. Forms in Volcanic Rocks 

Volcanic topography is primarily constructive, being built up 
of the material brought from below the earth’s surface and piled 
upon a land area or sea bottom. Nearly all volcanoes build up 
cones around their vents, the height and diameter of which are 
determined by the amount and character of the material and the 
nature of the eruptions. Some volcanic cones are very lofty moun¬ 
tains, others are not more than 40 or 50 feet high. The shape of 
the cone is conditioned by the kind of volcanic products of which 
it is built. The “cinder cones” of fragmental material are very 
steep and of very graceful form, like the famous sacred mountain 
of Japan, Fuji San, or the magnificent snowy cones of the Cascade 
Mountains in Washington and Oregon. 

Cones built entirely of lava are much less frequent than the 
cmder cones and their shape is dependent upon the fluidity or 
viscosity of the lava. Mauna Loa, in the island of Hawaii, is 
14,000 feet high ^d so extremely gentle are the slopes of the sides 
that the mountain is 80 miles in diameter at sea level. Measured 
from the sea bottom, the gigantic cone is 30,000 feet high and 
200 miles in dimeter at the base. Another form is the crater ring, 
or caiaera, which is usually produced by a tremendous explosion 
blo^g off the top of the mountain. On the Alaskan peninsula in 
an immense crater ring, Aniakchak, more than 13 miles in diame¬ 
ter, and the islands of the Malay Archipelago have many calderas. 
Crater rmgs, like Kilauea in Hawaii and Crater Lake in Oregon 

were made by engulfing the upper cone, a much less common 
method. 


Like all other mountains, volcanic cones are attacked by the 
enudmg forces, but, so long as the vent is active, erosion is more 
than balanced by upbuilding, provided that no terrific explosion 

cone. A cinder cone 

omit m the ^a is swept away after a few weeks’ exposure to the 

f truction is slower, but quite as sure, and in 

parts of the world And m rn/tlro _i . 
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“mov^ ^“volcanic cones in all stages of degradation and 
removal. The remarkable volcanic fields of Arizona and New 

e.vtinct, display cones in all 
stages of degradation. Sunset Crater, near Flagstaff, ^Irizona, 

Its last eruption, as is indicated by archaeological evidence 
about 500 ..n. ± 200 years. The con; and its Tot are 
in perfect preservation and look as though activitv had just 
ceased. The beautiful, snow-capped San Francisco Mountains, in 
the same field, are a craggy group of peaks which rise abruptlv 
rom the plateau, but do not otherwise immediately suggest their 
^canic origin, because of the way in which they have been eroded. 
\Nmere nearly all of the cone has been removed and the lava plug 
which filled the chimney at the last eruption, is exposed to \dew’ 
It is called a volcanic neck. In Fig. 35 is seen such a neck in New 
Mexico, and in Fig. 37 (p. 100) the remarkable conical hiU, known 
as Sugarloaf, near Campbellton, New Brunswick, which is a vol- 
canic neck of Devonian times. 

In the Canadian province of Quebec and in the northern parts 
of Vermont and New Hampshire are several cylindrical plutonic 
bodies, believed to be the roots of volcanoes which were active in 
the Carboniferous period. In Quebec these are called the Mon- 
teregian Hills, of which M^ount Royal, at Montreal, is one, and 
are arranged in an east-west row. Most of these have been eroded 
below the base of the ancient volcanoes and form hills of the 
cylindrical pipes filled with hypabyssal rock. Mount Johnson 
may be called a volcanic neck. In South Africa and Arkansas 
the diamond-bearing pipes have been so completely denuded that 
all trace of them on the surface has been removed. 

Another tj'pe of volcanic topography is exemplified in the 
immense lava plateau of the Pacific northwest, which is over 
200,000 square miles in extent. This plateau is of relatively late 
geological date and has not yet been extensively cut up; no doubt 
the semi-arid climate is the reason for that. The streams have 
cut canons down through the lava, and some of the valleys have 
been widened considerably, but in looking across the plateau, the 
trenches are hidden and the region seems to have been hardly 
modified at aU. An even larger mass of lava, piled up in successive 
flows, is in the Deccan in India. Another great lava field is in 
East Africa and is thus described by Gregory: He saw from the 
top of the Ivesti Alountains a great, undulating plain, extending to 
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the western horizon, “the rock of which this consisted ended 
abruptly against the flank of the old gneiss ridge, but it ran up 
the valleys and into the hollows of the mountains, just as the 
water of a lake follows the irregularities of its shore. So much 
did this view remind me of that across the Great Snake River lava 
fieldis of Idaho, when seen from the range of the Tetons, that I felt 
sure at once that this was a plain of lava and not of alluvium. I 
hastened down to it and the inference was confirmed.” (Gregory ) 
The dissection of a lava plateau proceeds as though the successive 
lava flows were horizontal strata of sedimentary rock, except that 
lava is harder than most stratified rocks. In the west of Scotland 
and the north of Ireland is a lava plateau of much more ancient 
date than those hitherto mentioned, which has been so cut to 
pieces that its original character is greatly obscured. It is believed 
that this immense lava plateau extended to Iceland and has been 
broken up partly by erosion, partly by diastrophic subsidence. 


C. Forms ix Pltjtoxic Rocks 

It IS exceptional to find topographical features that can be 
referred to the direct tectonic effects of a plutonic intrusion for the 
obvious reason that the existence of a plutonic body at a given 
point can seldom be determined until the body has been exposed 
by denudation. Laccolithic hills and mountains are of this excep¬ 
tional character; for the dome-shaped covering of stratified rock 
is often more or less preserved. In the Henry Mountains of south- 
em Utah, where laccoliths were first discovered and named by the 
late m Gilbert, these remarkable intrusives formed a series of 
dome-like uplifts, irregularly scattered, not forming a range, and 
they have been deeply dissected by erosion, so that the form of 

the plutomc masses and their relations to underlying and overlying 
strata can be determined. ^ ^ 

“f ‘b® Black Hills of 

tllT T "Taf body. Shonkin Hill near 

torn «Ifd Mountains of Montana is a laccolith dome so cut 

rietlv faiT u “ '^‘™cture is com- 

ing the topographic form due to the doming of strata by an igneous 
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intrusion. Shonkin Hill is an unusual form of laccolith because 
of Its long, low profile and steep border. (Figs. 16-23.) 

The effects of other t\'pe5 of plutonic bodies upon the relief of 
land surfaces is due to the shapes of the intrusive masses them¬ 
selves, as they are uncovered by denudation. Ordinarily, the 
igneous rock of the plutonic mass is more resistant than the inclos¬ 


ing country' rock and therefore stands out more and more promi¬ 
nently as the country rock, usually stratified, is eroded away. The 
shape of the resulting topographic features is that originally taken 
by the plutonic body, as it forced its way upward into the higher 
regions of the earth s crust, follo^Ndng the paths of least resistance. 
It sometimes happens, on the other hand, that the plutonic mass is 
weaker and less resistant than the inclosing rocks, and then, when 
e.xposed, it 'leathers faster than the country rocks and gives rise 
to a depression. Sometimes this is a matter of climate, the same 
kind of igneous rock decomposing much more rapidly in a warm 
than in a cold climate. 


The commonest form of intrusive body is the dyke (p. 71) which 
cuts across the strata at high angles, sometimes filling vertical 
fissures, more frequently steeply inclined. Dykes vary greatly in 
dimensions, from a length of a few feet to hundreds of miles and 
from a thickness of a few inches to many yards. Always, the dyke 
is ver\’ long in comparison with its thickness. ^Mien exposed 
by erosion, a dyke forms a wall, sometimes many intersecting walls 
appear, which seldom exceed 40 to 50 feet in height, because the 
igneous rock is likewise subject to attack, and the thinner and the 
more inclined from the vertical the dyke is, the more is its height 
limited. In the glaciated parts of the continent, dykes and includ¬ 
ing rocks were worn away at the same rate by the ice, and though 
a dyke may be ver>' conspicuous in a cliff because of contrasts in 
color, it seldom rises above the surface of the ground, while in 
unglaciated areas, as in Colorado, Wyoming, Montana, the walls 
of dykes are frequent and conspicuous. 

Sills, as pre\iously pointed out (p. 74), are concordant with 
the bedding of the strata into which they intrude, but not seldom 
cut through from one level to another. A siU is always connected 
\s'ith one or more, sometimes a large number of dykes, which have 
filled the fissures through which the magma of the sill rose. In its 
topographical results a sill behaves like a stratum, usually much 
more resistant than the sedimentary' rocks which bound it above 
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and below. Like other plutonic masses, sills vary greatly in 
dimensions, and much the largest and most imposing one in the 
eastern United States is that of which the exposed edge forms the 
famous Palisades of the Hudson, so called because of the roughly 
columnar jointing of the trap rock. For more than thirty miles 
in a nearly straight line, the Palisades are the towering cliffs of 
the west bank of the river. How much farther eastward the sill 
formerly extended cannot now be determined. On the top of the 
cliff patches of the sandstone cover may still be seen, and westward 
the great mass dips gently beneath the band of Newark sand¬ 
stones and shales that crosses New Jersey. The great sill e.xtends 
some forty miles to the southwest, where it again comes to the sur¬ 
face in Rocky Hill, a low ridge of trap (diabase) that e,xtends to 
the Delaware River. Many borings that have been put down for 
wells and similar purposes have shown that there is, in fact, unin¬ 
terrupted continuity between Rocky HiU and the Palisades, though 
only the two edges are exposed to view. 


Another type of plutonic body is the stock (p. 68) or boss, a more 
or less conical, or dome-like, or irregular mass, which broadens 
downward to its junction with the parent body from which it is 
given off. It differs from the sill and laccohth in cutting across the 
strata of country rock and not in lifting or doming them. As they 
are exposed by denudation, stocks give rise to hills, the shape of 
which IS that of the original intrusive body. The more denudation 
exposes them, the greater their relative height above the surround- 
mg ^untry. Snake Hill and Little Snake Hill, which rise out of 
the Newark Meadows, are stocks given off from the Palisades 

I Georgia is a stock of granite, from which 

not o^y the mclosmg country rock has been stripped away but 

also the outer circumference of the granite stock itself has ’been 
removed. (See Figs. 4-7.) 

of Newark sandstones 
which m the Connecticut vaUey, in New Jersey, and Pennsylvank 

^ e^ensively mtruded by plutonic bodies and has so many vol- 
tTn fk’'" accumulations, the igneous rocks are more resfstant 

aTwJfZc N n East 

aM west Rocks at New Haven, the Palisades, the Snake Hills 

Sourland Moontata, and Rocky Hill a™ .11 -™ .T“'. ''' 




556 















LAND SCULPTURE 


•557 


masses, some volcanic, but mostly plutonic bodies laid bare bv 
denudation. The Xewark formation also extends into Xf^rrh 
Carolina and is accompanied by the same kinri of ijrneous rocks, 
but there the latter weather more rapidly than the sandstone-; and 
form depressions instead of prominences. Dyke-; are trenche-; 
partly filled with the clay derived from the decomposition of rhf' 
feldspar of the trap, instead of outstanding walls. The ;;ame thing 
has been accomplished by the sea on Cape Ann, Mtissachu.-errs, 

which has cut a trap dyke into a trench, as also on the coast of 
Inverness-shire, in Scotland. 

Except in mountain ranges, the batholiths, largest of all phitonic 
masses, do not form prominent features in the topography of a 
region, but ah relief, it must not be forgotten, is relatively transi¬ 
tory. T\Tiatever the structure of a rocky coast, the horizontal' <aw 
of the surf cuts it into a low plain, sawing through horizontal, in¬ 
clined, folded strata or igneoms masses at different rates, but with 
equal certainty. Inland, the subaerial agents first produce relief bv 
differential erosion and then proceed to remove it, smoothing the 
most rugged surface into a peneplain. 

D. T0POGR.A.PHV Dt'E TO F.\ulti\g 

Faults, as was previously shown iChap. XIX., are fracture, .ami 
islocations of the rock.s, whatever their nature. On the two -;irie. 
of the fracture the rock mas.ses have moved differentiallv ■ i, i. 
not always possible to determine the actual direction of moVement 
but he effect is as if one .side had been raised, the upthrow side’ 
and the other, the downthrow side, had been lowered. Fault, -.re 
seldom vertical and are usually steeply inclined ; in a normal or 

fdP ^ fault the plane of fracture inclines toward the downthrow 
.ide, as though that side had settled down and, no doubt, that ha. 

until fault the slope is toward the 

upthrow side, as though that side had been pushed up, and verv 

probably, that has often been the case. t,ani, %er> 

Faults that have been observed to originate or increase in 

had f accompanied the earthquake of 1S99 

had a throw, or vertical displacement, of 47 feet. The San Fran 

SCO earthquake of 1906, the Japanese of 1891, and countless 
suit tin faulting „ formation of a rcarp or line of bluffs 
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that may run for hundreds of miles. 


thousand feet, but no movements 


luay run tor nundreds of miles. Repeated movements along 
the same fault plane often have resulted in displacements of many 

on such a scale have been 
Observed in our day, for they are the cumulative effects of move¬ 
ments through long periods of time. 

In climates of abundant rainfall the fault scarp is worn away 
with relative rapidity, so that both sides are reduced to the same 
level, or to the same continuous slope, all surface indications of the 
fault being removed or concealed. In arid climates the scarps 
may persist, even in loose materials, and, in favorable conditions, 
they may long remain conspicuous, even under very heavy rain¬ 
fall, and dominate the topography. Faults do not ordinarily 
occur singly, but in multiples, which are arranged, sometimes, 
in definite systems, parallel, branching, intersecting; in other 
cases they are irregular and conform to no obvious pattern. The 
topographical forms resulting from these miiltiple or compoimd 
faults are determined by the amount of the displacement and, in 
the second place, by the relations of the various slopes of the fault 
planes to one another. A series of step faults (p. 440), so long 
as the scarps persist, forms an enormous staircase. Each step is a 
fault-block (p. 446) and may be horizontal or tilted, and the fault 
planes of the stepjs all slope in the same direction. If large enough, 
fault blocks, whether steps or horsts, are called block mountains, 

r 

especially when tUted and cut into rugged forms by denudation. 

The Great Basin of Nevada and Utah is bounded on the west by 
the gigantic fault scarp of the Sierra Nevada and on the east, 
800 miles away, by the lower fault scarp of the Wasateh Moun¬ 
tains. Both of these mountain fronts have been made so irregular 
and rugged by erosion as to conceal their true character. Several 
parallel mountain ranges, collectively called the Basin Ranges, 
which have a north-south course, are likewise much eroded fault 
blocks, which have been more or less strongly tilted. The Vosges 
Mountains in France and the Black Forest in Germany are two 
horsts, which face each other across the broad and deep trough 
of the Rhine Valley. A similar block rises 3,600 feet above the 
African plateau, itself nearly 4,000 feet above sea-level. On a 
smaller scale, horsts occur in almost every complexly faulted area. 
If two parallel faults incline toward each other, converging down¬ 
ward, the block between them is depressed and is on the down¬ 
throw with reference to each side. This is called a trough or 
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trench fault, or a rift valley, if on a sufficiently large scale The 
middle portion of the Rhine VaUey is a trench, the formation of 
which opened the course of the river to the North Sea. Between 
the horsts of the Black Forest on the east and the \’osges Moun¬ 
tains on the west hes this deep trench, where the Rhine has cut a 

channel in the thick mass of its own deposits, laid down on thp 
rocky floor of the Graben. 

By far the most remarkable instances of fault topography are 
the Great Rift Valleys of Africa, which are more than 1 OOO miles 
in north to south length. “Once the plateaus of Mau and Kikuyu 
were continuous across the site of the Great Rift \ alley; a double 
series of north and south [faults] .cut through the plateau allowed 
the block of material between them to subside. This left a great 
open Rift \ alley. . . . Strips of country have fallen, o\\ing to a 
series of parallel cracks or ‘faults’ and thus a valley has been 

formed with precipitous and sometimes step-hke sides. . . . Great 

earth movements have happened so recently that rock <;carns 
1000 to 2,000 feet in height, still stand bare and precipitous as 
though formed but yesterday and straight hnes and sharp angle, 
still dominate the scenery. The recent date of such earth move! 
ments ^ therefore rendered the physical features of the country 
such a direct expression of its geological structure, that this can be 
recognized in a haaty traverse/' (Gregory.) 

^lessor Willis, who made a study of the region in 1929, writes : 
Ihere are two great zones of fracture in eastern Africa which 
are more or less continuous rift valleys or chains of rifts They 
form two arcs facing one another, the Eastern and the Western 

1 ^ ^ ^ 650 miles 

lon^ 20 to 30 m width, and the western one is 850 miles 

fZdlv d Tanganyika, which is pro¬ 
sea leve/^NnT n its bottom 1,600 feet below 

one ade, while the other side is a sharp flexure; these two kinds of 
VaU^T^“^^ frequently pass into each other. The floor of the Rift 

ou7L the lifts' 

northS/ “ the Ghor, of which the 

of the T ^ Damascus; it forms the whole vaUey 

of the Jordan and that of the Dead Sea, and for much of its length 
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it is below the level of the Meiliterranean. 'I'he Sea of Galilee is 
more than 600 feet below sea level and the surface of the Dead Sea 
is more than 1,300 feet below. South of the latter, the floor of the 
valley gradually rises to sea level at the north end of the Gulf of 
Akabah, the northeastern branch of the Red Sea. The gulf and 
the Red Sea are believed to be a continuation of the Ghor and to 
be connected with the eastern Rift \ alle\’ of Africti bv the depres¬ 
sion which runs southwest ward past the plateau of Abyssinia. If 
the Red Sea, the Gulf of Akabah, and the Ghor are to be properly 
regarded as a continuation of the Great Rilt \ allev, then this whole 
structure is more than 4,000 miles long and is one of the major 
topographical features of the entire globe. 

Whether the features of relief that are due to faulting persist for 
a long time (geologically speaking t or are speedily removed by 
denudation, is determined by the relative hardness of the rocks on 
the two sides of the fracture. If the rocks exposed on the upthrow- 
side are notably more resistant than those on the downthrow side, 
the scarps may continue for ages, as they have on the eastern and 
western mountain walls of the Great Basin, the Wasatch, and Sierra 
Nevada, both fault-scarps. The Highlands of Scotland are made 
of very ancient and very hard rocks and are on the upthrow side of 
a great fault, which crosses the island from sea to sea. The Low¬ 
lands are on the downthrow side and are built up of younger and 
less resistant rocks, and thus the difference of level has continued 
despite the great antiquity of the movement. The Highlands 
have been ven,' extensively denuded and carved into such wild 
and rugged forms as to disguise their essential character. The 
southern part of Scotland, south of the Lowlands, is a subordinate 
highland, or upland, which likewise forms the upthrow side of a 
fault, exposing more resistant rocks than those of the Lowlands, 
which are thus another rift valley. 

A section across the high plateaus of Arizona and L'tah show's 
that, on the eastern side, the high plateau descends to a lower one 
bv means of a flexure, or monoclinal fold, while on the western 
side the plateau is bounded by fault scarps. 

The topography of eastern Asia is dominated by a series of gigan¬ 
tic faults ; the coastal plain of China is cut by parallel faults into 
blocks, with downthrow to the east and a westward tilt. On the 
w’est is the ^Mongolian block, then comes the Manchurian block, 
and on the east, the partially submerged Japanese block. The 
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tilting brings the eastern edge of the block above water, while the 
western is submerged. The chain of islands which fringe the east¬ 
ern coast of Asia, from Japan to the Arctic Circle, is carved from the 
edge of the tilted block. The peninsula of Korea has been com¬ 
pared to a chessboard of fault blocks. 

Fault scarps that have been removed by denudation may again 
be brought to light in another cj'cle of erosion. The Falls of Mont- 
morencj’, near Quebec, are across a fault line in which ancient crj’s- 
talline rocks have been brought up against much j’ounger and 
softer beds; the fault scarp had been so entirely worn away that 
upthrow and downthrow side were on the same level, but the cata¬ 
ract cut a gorge which has been e.xtended along the line of fault by 
the subaerial agents, and a new scarp, or, rather, the old one at a 
lower level, is being brought to light. 

Another kind of topographical control which faults exert is less 
direct, but not less real, namely, in fixing the locality of river valleys. 
As has been shown previously, valleys may be formed by folding 
or by faulting (trench or rift valleys), and such tectonic valleys may 
or may not have streams flowing in them. The great majority of 
stream valleys were excavated by the streams which flow in them, 
with the cooperation of the atmosphere, in greater or less degree, 
but the location of the line along which the stream shall e.xcavate 
IS often fi.xed by a pree.xisting fault. Faults are often lines of 
we^ess, not clean-cut fissures, but bands of shattered rock, 
which are readily removed by running water. Such valleys are 
very common in the Sierra Nevada and the Great Basin and in the 
Coast Range of California. In the Adirondacks, the streams so 
generally follow the lines of faulting that, as seen on map, the regu¬ 
larity of the sj'stem is verj- remarkable and has given rise to the 
term lattice drainage. The Ausable Chasm, so frequently referred 
to, which is in the eastern part of the Adirondacks, has had its loca¬ 
tion determined partly by fault lines and partlv bv lines of jointing 
A stream following the course of a fault, in England, is shown 
m tig. 103, and this is a very' unusually favorable example, because 

the cliff m the foreground cuts across the plane of faulting and 
shows It m section. 

E. Topographic.vl Influence of Join-ts 

All consolidated rocks, whatever their nature, are di\ided into 
blocks by planes, more or less distinctly shoum, of parting, which 
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are called joints, and the joint blocks, which var>' greatly in 
size and shape, are characteristic of the various kinds of rock. 
The same variety of rock, as granite, or diabase, or marble, 
may have ver>’ different kind of jointing in different localities, 
but, on the whole, the character of the jointing, especially of 
the sedimentarj' rocks, is constant. In determining the details 
of topography and drainage, joints play an exceedingly important 
role, because they are the planes of weakness through which water 
penetrates, and frost and other denuding agents attack the rocks. 
The undermining action of springs and rain causes hard beds to 
>’ield by the fall of unsupported blocks. Master joints which 
run through several strata and continue for long distances should 
probabl}" be regarded as incipient faults without noticeable throw. 

The minor drainage lines of a district are often fixed by the direc¬ 
tion of the joints and their relation to one another. WTierever 
this matter has been examined with care and accuracy, as has been 
done in France, in Connecticut, and Wisconsin, it is found that the 
network of sma ll streams is manifestly guided by the system of 
rock-jointing in that area. The course of the Zambesi River in 
southeastern Africa, below the wonderful Victoria Falls, is an 
imusual example of a large stream guided by the system of joints 
in the basaltic lava flows, through which the river has cut a narrow 

gorge, 400 feet in depth. (See Fig. 110.) 

The great variety of land surface relief, caused, as we have 
seen, by the interplay of climate, the attitude and arrangement of 
the rocks, is only a passing phase in the history of the con¬ 
tinents. The subaerial agents produce the peneplain, and the ^ 
cuts the plain of marine denudation, both kinds of denuding 
forces working to destroy reUef, untU a renewed uplift shaU ini¬ 
tiate a new cycle of topographical development. 
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Aa, 90, *91 

Aar, delta of, in Lake Bienne, 279 
Absaroka Mts., 94, 104, 474, *543 
Abyssal rocks, 46 
Abyssinia, plateau of, 560 
Acadian range of X. S. and N. B.. 
475, 476 

Acceasoiy’ minerals, 64, 58 
weathering of, 210 
Accumulation of plants, 351 
Acetylenes in petroleum, 197 
Acid magmas in metamorphism, 
506, 507 
Acid rocks, 55 
Acmite, 34 
Actinolite, 34 

F. D., 97 

Adirondack Mts.. X. Y., 60, 258 
fault valleys. 561 
ilmenite in, 514 
magnetite in. 514 
Adjustment of streams. 285, 291 
Adriatic Sea, 147, 154 
deltas in, 278 
Adularia, 30 
-Egirite, 34 
-Eolian rock, 200, 232 
-Etna, 132, 134, 256, 505 
lava of, 93 

Africa, 11, 295. 372. 531 
East coast, 151 
green sands off coast of. 395 
lava fields, 94. 544, 552 
northwestern, mts. of, 4S6 
Rift V'alley, 452 
Sand off West coast of, 396 
South, Devonian glaciation, 290 


diamond pipes. 143 
h>'pothermal gold-quanz, 521 
Pre-Cambrian glaciation. 299 
West, tin placers. 534 
Mtershocks, 163, 172 
Ag.vssiz. A.. 3S4. 40S 
Ag.vssiz. L., .303. 342 
glacial theory of. 317 
Age of the earth, 13 
Agents, eroding. 17 
of change, 15 
subterranean. 15 
suriace. 15 

Agglomerate, volcanic, 94. 103, 104 
Agrippa's mole. 1-56 
.4ir expansion in joint.-. 359 
.\labama. Appalachians of. 4S6 
bentonite in, 65 
faults in. 452 
Alabaster. 39 

.Alaska. 77. 135. 154. 15.5. 2^2. 307 
31S. 322 

boghead coal in. 196 
Caledonian Mts. of. 483 
Coast Range of. 306 
Cretaceous coal of. 197 
glacial retrea». 290 
organic jelly in hays of. 370 
outwash plains in. 332 
Peninsula. 111. 551 
placer deposits. 534 
Quaternary mt. range. 4S6 
snow-Une in. 297 

Alberta. Lower Cretaceous coal of, 196 
Albite. 30. 31 

Meutian Islan-is, 119, 133, 135 
frost-work in, 222 
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Ugse, Blue-Green, 196 
calcareous, 381, 391, 392 
Green, 196 
in oil shales, 199 
Ugeria, oil of, 199 
‘Alkali,” 266 
Mkalies, 55 
yiegheny Front, 492 
Vli£N, E. T., 139, 145 
yiuvi^, cone, or fan, *269, *270, 
*331, 416 
soU, 214 

\lmaden, Spain, 526 
^Imondite, 36 

41ps, 135, 136, 157, 167, 486, 550 
effects of frost in, 222 
effects of wind in, 224 
narrowing of, 482 
radiolaiian cherts in, 191 
recesson of cirqxws in, 487 
. rock*slides in, 242 
m^edness of, 309 
snow-line in, 297 
structure of, 477 
Tertiary date of, 486 
Tertiary folding of, 482 
thickness of strata of, 476 
Alsace, potassium salts in, 186, 346 
Alsek glacier, 307 
Alteration, 37 
Alumina, 55, 58 
Aluminium, 21, 22, 41 
Amazon, 273, 295 
laterite in, 395 
submarine delta of, 267, 278 
Americas, west coast of, 136 
Amethyst, 27 

Ammonium chloride, 87, 105 
Amorphous substances, 24 
Amphibole, 520, 525 
group, 32 

Amphiboles, 22, 35 
monoclinic, 2 ^ 3 , 34 
orthorhombic, 33 
Anchor ice, 334 
Ancient bidlduigs, 155 
mt. ranges low, 487 
soil, 192 

topography, buried, 542 
Andean vents, 144 
And£R£GG, F., 460 
Andes, *60, 227, *450 
late uplift of southern, 482 


of Argentina, alluvial fans, 270 
of Ecuador, snow-line of, 297 
Pliocene rise of, 482 
post-Cretaceous date of, 486 
Pre-Cambrian sole, 485 
river gorges of, 289 
Tertiary upheaval, 486, 487 
volcanoes of, 135 
Andesine, 31 

Andesite, 60, 63, 87,101, 526 
biotite, 60 
hornblende, 60 
metamorphic, 499 
pyroxene, 60 

Andros Island, calcareous muds of, 382 
An^esey, 449 
Anhydrite, 39, 185 
deposition of, 345 
Anhydrous minerals, 51 
Aniak-chak, 551 
Animals, 204 

destructive work of, 406 
development, 17 
wo^ of, 15 

Animas River, granite of, 457 
Anorthite, 30, 31, 508 
Anorthoclase, 32 
Anorthosite, 60, 63, 514 
Antarctic Ocean, 8 

diatom ooze of, 399, 400 
Sea, 11 

Antarctica, 7, 147 
elevation of, 11 
ice barrier of, 334, 335 
ice of, 6 

inland ice of, 325 

Antecedent rivers, 286, *287, 291; 
480, 492 

Anthracite, 193, 498 
Cretaceous, 196 
Anticlinal aitdi, *420 
axis, 419 
ridg^ *478 

Anticline, *418, *419, *420, 545 
asymmetrical, *423 
dosed, *428 
genesis of, 451 
inclined, 424 
overturned, *424 
Anticlinorium, 422 
Antilles, 166 

Antimony, hypothOTnal, 520 
sulphid^ 250 . 
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Apatite, 26, 39, 51, 57, 59, 520 
large crj'stals of, 58 
Apennines, 486 
Tertiary date of, 486 
Aphanites, 63 
Aphanitic rocks, 48 
Aplite, 57, 63 
Apophysis, 68 , 81, 141 
Appalachian chain, 476 
coal-field, 352 
cycles, *484, 488 
folding, 489 

hjT)othennal gold-quartz, 521 
iron-ore-field, 529 
limonite-field, 531 
Mts., 194, 493 
lakes in, 317 
strike of, 417 
thrusts in, 448 
oil-field, 197, 198 
oils, vegetable origin of, 199 
range, 475 
Revolution, 486, 489 
ridges due to hard rocks, 490 
uniform height of, 491 
with level sky-line, 491 
streams, consequent, 490 
superimposed, 490 
system, 475, 476 
vulcanism of, 134 

Appalachians, 6, 487, 547, 549, 550 
denudation of, 489 
genesis of, 486 
geologically ancient, 487 
Pennsylvanian, metamorphism, 
509 

narrowing of, 482 
reduced to peneplain, 489 
reduction in width, 482 
river gorges of, 289 
scarcity of igneous rocks, 480 
structure of, 477 
thickness of strata, 476 
submerged by sea, 489 
thermal springs of, 138 
transverse rivers, 293 
Aqueous rocks, 179 
Aragonite, 38 
Arbroath, Scotland, 361 
Archipelago, American Arctic, 325 
ArcEpelagos, South Pacific, 135 
Arctic basin, 11 
Arctic coasts, 153 


Arctic Ocean, 7 
Arctic Sea, 7, 10 
blue mud of, 395, 401 
Ardennes, E., 157 
Arg.\nd, E., 422 
Argentina, 525 
oil of, 198 
Argent ite, 42 
Argillaceous deposits, 180 
Argillaceous rocks, 182 
Argillite, 184, *460 
Arg>'llshire, 151 
Arid regions, soil of, 214 
weathering in, 222 

Arizona, 88, 89, 91, 92, 95, 126, 168 
226, 516 

ground-water level, 236 
volcanic fields, 552 
volcanic necks, 97 
volcanoes, 135 
Arkansas, 531 
bentonite in, 65 

diamond-bearing pip)e3 of, 100 
552 

hot springs of, 138 
mountains of, 486 
Arkose, 181 
metamorphic, 496 
Arnold, R., 469 
Arrangement of rocks, 542 
Arsenic, hj'pothermal, 520 
sulphide, 250 
ArsenopN-rite, 520 
Artesian well, 246 
.\rtois, France, 246 
Asar, 333 

Ascension, Island of, 136 
Ash, stratified, 102 
volcanic, 63 

Ashley, G. H., 492, 494, 536 
.\sia, 167 
Central, 234 
desert basins of, 233 
desiccation of, 299 
dust-storms, 232 
in the Palseozoic, 493 
mountains of, 493 
salt masses of, 346 
Eastern, fault-blocks of, 560 
islands, 561 
Minor, 167 
chromite in, 514 
modem sandstones, 392, 404 
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Laia —Continued 
oil of, 199 

Terti^ mts. of, 486 
Laiatic islands, 167, 561 
volcanoes of, 135 
Isphalt, 198 
Vssam, 164 
Vasimilation, 52, 53 
Vsteroids, 1 
Astronomy, 18 
Vtlantic, 167 

border, vulcanism of, 134 
bottom, 355 

coast of North America, 175 
of South America, 175 
retreat of, 365 
estuaries of, 276 
hemisphere, volcanoes 134 
icebergs of, 336 
Ocean, 7 
North, 9 

South, 9, 173, 373 
rivers, bise-leveled, 264 
shores of the U. S., 12 
volcanic belt, 136 
\tmosphere, 3, 21, 804 
agent of change, 13 
destruction by, 405 
destructive processes, 204 
geological work of, 15 
Atmospheric circulation, 297 
deposition, 228 
destruction, 251 
Atoll, 390 

Atwood, W. W., 287, 296 
Augite, 34, 37, 38, 48, 57 
Au SaWe Chasm, 254, 257, *258, 
561 

Australia, 516, 521, 523 
bo^ead coal in, 196 
Cambrian ^aciation, 299 
Creek (British Columbia), 455 
eastern, 176 

Palsosoic glaciation, 299 
Permian coal, 196 
tin placers, 534 
Austria, salt deposits, 186 
Auvergne, 99, 119, IM, 135 
Avalanche, 8OT* 4CT 
Axes of crystals, 23 
Axis of earth, fixity of, 2 
Axis of fold, 419 
Axmouth, I^von^iire, *242 


Asores^ 9,136, 336 
Awima Sw, 122 
Azorite, 4^ 528 

Bacteria, destructive wmk 348 
iron, 342, 364 
marine, 382 
soil, 354 

Bad lands, 816, *216, 274 
White Kver, 64^ 298 
Baffin’s Bay, ^7, 335 

382 

calcareous banks, 188 
Baird Glacier, *318 
River, *318 
Balearic Basin, 10 
Rftlkftn Peninsula, 167 
RftHrsin a, 486 
Tertiary date of, 486 
BaDantrse, 96 
Baltic Sea, 8, 10,157,158 
ddtas in, ^6 
deposits in, 372 
Ban^ Sea, 3% 

Islands of, 11 
manganese nodules, 401 
radiolarian rocks, 191 
Bands! San, 106, 122, 128 
Bands in glaciera, 300 
Banff, Scotland, ^74 

Bar, 275 

Barbados, Radicdaiian deposits, 191 
Barite, 520, 523, 527 
Barium, 21 

Barbell, J., 67, 510, 511 
Barren Island, 133 
Barrier re^, 3^ 389 
Basalt, 4, 61, 62, 63, 87,102 
leucite, 61 
nephehne, 61 
olivine, 61 
porphyry, 63 
weathering of, *210 
Base level, 203, 536 
new, 286 
of erosion, 205 
of land, 205 
temporary, 263 

Bafiic in metsmorphiflm, 506 

Bam, of fusion, 422 
folding, ^1, ^ 

BsfiiTi "Rirngefl, Nevada, 475 
'RftgynWj filling of, 233, 272 
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BathoUth, *67, 68, 85, 141, 557 
core of mountain range, 480 
source of mineralizers, 502 
Batholiths, metamorphosing effects, 

509 

Bathylith, 67 
Bauxite, 41 
origin of, 208 
Baveno, 49 
Bay, of Balsa, 148 
of Bengal, 133, 276, 278 
delta in, 267, 278 
of Biscay, 8 

of Naples, 151, 174, 375 
Bayous of Mississippi R., 252 
Beach, 374 

of glacial drift, 368, *375 
rock, 185 
waU, 368, *374 
of lakes, 335 
Bear, Butte, 79, *82 
Lodge, 59, *80, 82, 456 
Beartooth Mts., Montana, 301, *308, 
*543 

Beaverdam Creek, beheading of, 
*292, 293, 294 
Bedding planes, 229, 411 
Beds, original horizontality, 20 
Beechey, F. W., 221 
Belfast, 71 

Belgium, ooal of, 196 
Belt of variables, 392 
Ben Nevis, Scotland, *309 
Bench, marine, 365 
Benches, raised, Alaska, 365 
Scotland, 365 
Bentonite, 65 
Bergschnmd, 306 
Bering Sea, 10 
Berkey, C. P., 271 
Berklyan formation, 101 
Berlin, 108 

Bermuda, calcareous sands of, 200 
reefs of, 392 

volcanic cone foundation, 392 
Berwick, Scotland, *364, *365 
Beryl, 51 

weathering of, 210 
Beryllium, 58 

Biberthal, Switzerland, 295 
Bighorn Basin, Wyoming, 270 
Bighorn Mts., cirques of, 487 
Bilbao, Spain, iron ores, 531 


Biotite, 36, 37, 55, 57, 58, 59 
weathering of, 210 
Bismuth, 520 
Biss River, 550 
Bitumen, 198 

Bituminous Coal, 192, 193, 198 
Black Forest, Germany, 5^ 

Black Hills, S. D., 51, 59, 81, 421 
553, *556 

batholith, 477, 480 
gold-bearing conglomerate, 534 
structure of, 477 
Black Sea, 295 
deltas in, 276 
deposits in, 372 

Blackwater, Ross, Scotland, *429 
Blackweldeb, E., 206, 224, 234 
Block faulting, 494 
Block Island, clay area, 379, 392 
Block mountains, 474, 558 
Block mountains in Africa, 558 
Block ranges, 475 
Bloodstone, 29 
Blow, A. A., 522 
Blown sand, 232 
Blue mud, 373, 393, 400, 401 
Blue Ridge, 476 
Potomac gap in, 293 
Boghead coal, 192, 194, 196 
Bog-iron ore, 187, 363, 529 
moss, 352 

Bogoslof Islands, 119, 133 
Bogs formed from lakes, 342 
Bohemia, placer mines of, 533 
Boiler scale, 248 
Bolivia, mountains of, 482 
tin from, 520 
tungsten from, 521 
Bomb, volcanic, 64, 103, *104 
Bonanza, 525 
Borax, 87, 231 
deposition of, 346 
deposits of, ^ 
in lakes, 343 
in river water, 266 
Boric acid, 58, 501 
Boring mollusc, 149 
Born, A., 483 
Borneo, volcanoes of, 135 
Bomite, 43 
Boron, 508 
mineralizer, 515 
Boss, 68 
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Boston Harbor, 153, 329 
Bottom-set beds, 277 
Boulder batholith, 523 
Boulder clay, 182 
Boulders, 375 
carried by ground ice, 334 
glacial, 319 
of weathering, *209 
transportation of, *268 
Boulogne, 157 

Bowex, X. L., 4, 52, 53, 65, 507 
Bozen, 216 
Brabant, 157 

Brahmapootra R., delta of, 276, 278 
discharge of, 267 
Braid Hills, Scotland, *310 
Braided streams, 334 
Brazil, 11, 531 
boghead coal in, 196 
modem sandstone reefs, 392, 404 
red mud off coast, 395 
Brazilian Basin, 9 
Breakers, 369 
Breccia, 63, 182, 200 
“ Britannia,” H. M. S., 398 
British Channel, tidal currents in, 
368 

British Columbia, 135, 166, 455, 510, 
523 

auriferous arseno-pynte, 517 
fiord coast, 316 
placer deposits, 534 
Brittany, radiolarian chert, 191 
Broad Haven, Pembroke, *431 
Brogger, W. C., 59 
Broken Hill, X. S. W., 523 
Bromine, 22 
Bronze Age, 153 
Bronzite, 33 
Brown, E. W., 115, 123 
Brown coal, 191 

Buddingtox, a. F., 63, 306, 322, 
370, 427 

Buffalo Gap, 440 
Bttffon'. G. H de, 13 
Buxsex, R. W., vox, 140 
Buoyancy of water, 265 
Burma, oil in, 198 
tungsten in, 521 
Burning cloud, 111 
Burntisland, 76 
Burrowers, 350 
BrsT.otAXTE, Governor, 130 


Butte, Mont., 42, 525 
Buzzards Bay, 3^ 

Bysmalith, 8^ 85 

Cables broken by earthquakes, 163, 
167, 171, 172 
Caesium, 22 
Caithness, 443 
Calamine, 44 

Calcaneus, accumulations, 188, 373 
minerals, 38, 179 
mud, 373, 382, 392, 395 
sandstone, weathering of, 212 
shales, replacement of, 516 
Calcite, 28, 38, 39, 178, 179, 207 
cleavage of, 26 
in amygdaloid, 528 
in gangue, 513, 520, 521, 523, 524, 
526 

Calcium, 21, 22 

carbonate, deposits of, 231, 232 
in lakes, 342 
in river water, 266 
in salt lakes, 345 
spring deposits of, 184, 250 
chloride, 105, 345 
oxide, 55 

sulphate in salt lakes, 345 
timgstate, 517 
Caldera, 114, 128, 531 
Caledonian folding, 483 
geosyncline, 483 
mountains, 483 
SOurian folding, 483 
California, 96, 111, 112, 135, 166, 
170, 213, 232, 456, 510, 525, 
526, 531 
coast, 166 
Coast Range, 475 
contact tungsten ore, 517 
desiccation, 299 
geysers, 139 

gold-bearing conglomerate, 534 
gold belt, 523 
Great Valley of, 276 
oil field, 198 
oils, 198, 199 

animal origin of, 198 
placer deposits, 534 
Quaternary mountains, 485 
CAI.KIXS, 463 

Cambrian gold-bearing conglomerate, 

534 
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Campan fonnation, 102 
Campbell, M. R., 194, 195, 201 
Campbellton, N. B., 97, 100 
Canada, 53, 60, 531 
chromite in, 514 
lakes, 317 
lignites, 192 

metamorphic area of, 487 
mountain roots, 487 
peat bogs, 351 
petroleum, 198 
Pre-Cambrian glaciation, 299 
Rocky Mts., 447 
soil in eastern, 214 
Canadian oil-field, 198 
Rockies, 549 
Shield, 167, 510 
Canary Islands, 136 
Cannel coal, 192, 193, 194, 196 
Canon, *257 
Canon City, Colo., 549 
Canons, depth of, 284 
dry, 260 

canoe-shaped valleys, 421 
Cape Ann, Mass., 367 
dyke-trenches in, 557 
Cape Breton, 167 
Cape Town, 474 
Cape Verde Islands, 136 
Capps, S., 77, 282 
Capricorn Islands, 389 
Carbon, 21 
accumulations of, 179 
dioxide, 105, 350 
decomposition by, 207 
in water, 241 

Carbonaceous accumulations, 191 
Carbonation of minerals, 203, 204 
Carboniferous, boghead, 195 
glaciation, 299 
limestone, 469, 493 
mountain maldng, 486 
period, coal of, 196 
volcanoes, 97 

Carcajou River, Canada, *420 
Caribbean Sea, 10, 108, 371 
limestone banks in, 383 
Carlsbad Caverns, N. M., 238, 240 
Cannel Head, Anglesey, Wales, *449 
Camalite, 186 
Camelian, 29 

Carolinas, green sand off shore of 
395 


Carpathian Mts., 135, 136, 475, 48£ 
Tertiary date of, 485 
Cascade Mts., 476 
cut by Columbia R., 287 
volcanic cones, 96, 97, 551 
Cascade stairway, 313 
Caspian Sea, 347 
level of, 263 
Cassiquiare R, 295 
Cassiterite, 41, 513, 520 
Cataracts, 284 

Catskill Mts., stream-capture in, 292 
Caucasus, 485 
Caves, in limestone, 238 
Cementation, 502 

Cements of sedimentary rocks, 180, 
211 

Central America, 131, 136, 262, 531 
volcanic activity in, 110 
volcanoes of, 1^ 

Central eruption, 93 
Central plateau, France, 157 
Cerussite, 44 
Chalcedony, 29 
Chalcocite, 42, 43 
Chalcopyrite, 43, 513, 515, 616 
contact ore, 516 
Chalk, *71, 189 

“ Challenger,” H. M. S., 372, 373, 398 
Chalybeate springs, 247, 354 
Chamberllv, T. C., 321 
Chamosite-hematite ores, 530 
Chamositic, sandstone, 5^ 
siderite sandstone, 530 
Changes, in strata, horizontal, 413, 
•414 

of temperature, destructive,222,405 
verticd, 231, 411, *412 
Channel, Britiii, 157 
Channel deposits, 269, 273 
Channels, old, 273 
submarine river, 158 
Chapel le Dale, Yorkshire, *239 
Charleston, Mo., 173 
Chasm of Victoria Falls, 261 
Chemical deposits, 178, 184 
atmospheric, 231 
deep sea, 401 
marine, 392 

Cherbourg breakwater, 357 
Chert, 29, 186, 191 
concretions, 415 

Chesapeake Bay estuary, 158, 402 
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Chicago drainage canal, 431 
Chile, 166, 307, 450, 525 
fiords of, 316 

tourmaline-copper deposits, 521 
China, 163, 267 

Cambrian glaciation, 299 
loess of, 233, 234 
Pennian coal, 196 
tin placers, 534 
Chinese artesian wells, 247 
coastal plain fault-blocks, 560 
Chlorides, 22 
soluble, 345 
Chlorine, 21, 22, 501 
Chlorite, 37 
group, 37 
minerals, 207 
Chonolith, 84, 141 
Chromite, 41, 513, 614 
Chromium, 22, 27, 41 
Chrysoprase, 27, ^ 

Cinder cones, 124,126, 551 
Cinnabar, 42, 526 
Cipolino, 498 

Circulation, atmospheric, 297 
of matter, 15 

Cirque, 306, *306, 307, *308, 313 
Cirques, recession of, 487 
Claggett shales, Mont., *417 
Clam Shell Cove, Staffs, 456 
Clark, B. L., 475, 494 
Clarke, F. W., 21, 44, 198, 199, 201 
and Washington, H. S., 21 
Classification, genetic, 19 
of igneous rocks, 53 
Clastic sediments, 346 
Clay, 38, 178, 210 

brick, 182 
formation of, 207 
in limestone, 213 
ironstone, 43, 187 
porcelain, 182 
potter’s, 182 
rocks, metamorphic, 508 
varved, 183 

Cleavage, flow, 464, 466 
cause of flow, 464, *465 
mineral, 26, 463 
rock, 463, *464 
slaty, 463, *464, 496 
Cleaveland district, England, 187 
Climate, post-Glacial changes 
260 


CSimatie control of topography, 9QS, 
542 

of weathering, 208 
^ects on marine d^raata, 401, 
407 

influence on littoral depoeita^ 378 
Clinton iron ores, 187, 629 
Cloud burst, 215 
Coal, 192,352 
metamorphic, 498 
Upper Cretaceous, 196 
volatile matter in, 194 
Coast ice, 313, 336 
lines, 136 

Coast of emergence, 169 
of submergence, 159 
Coast Range, Calif., 158, 476, 526 
fault valleys in, 561 
Coast and Geodetic Surv^, U. S., 
170 

Coastal Plain, floor of, 544 
submergence of, 490 
U. S., 152 
Cobalt, 27 

Cobalt district, Ont., 524 
Cobar district, N. S. W., 521 
Cobblestones, 181 
Coke, 192 
natural, 505 
Coking cori, 192 
Colima, 129 

Collet, L. W., 354, 394, 400, 408, 
422, 431, 494 
Colloid clay, 277 
CoUoids, 207 
Colombia, oil in, 198 
Color chimgea in weathering, 206 
Colorado, 81, 83, 97, 184, 216, 217, 
225, 457, 522, 525, 526, 527 
anthr^te of, 196 
dyke walls in, 554 
oil shales, 199 

Colorado River, delta of, *273,343 
Grand Canon of, 236,251,258, *259 
pyramidal mts. in, 545 
Color of minerals, 27 
Colton, H. S., 89, 91, 92, 226 
Columbia River, canon, 2^ 
deflected by lava, 287 
lava plateau, 289 
Columnar joints, fluted, *456 
, Comlnnations, crystal, 27 
Compensation, isostatic, 6 
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ComprpflBion. diAstrophic. 140. 510 

of. 4S2 
h<>nioor*J. 452 
m tn^t*morphism. 502 
Ut^rai. 4^1 

ComprwMve 9treflse«, 486 
Cornet ot’W L>xir. 526 
OiDc^ntnc foi»is, 426 
Concrrn*:n#. 414. *415 
OmvlurTion of cn'ftala. 24 
Conr, cinder. *124. *125 
Uva. 125 
mixed. 126 

CoD«i, Hawaiian, 125 

in .Vndea, 126 

in Curadea. 126 

rrJcanjc. 124 

Coofi»rmahle Ijeds, 466 

Omformjtv. 466 

* 

deceptive. 469 
Corndomerate. IS2 
laaal. 376. 470 
flint. 1S2 
l^:>ld-heannx, 534 

jcranjte. 182 
Lmcatone. IS2 

metamorpb<ified, 496, 499 

quarti. 182 

CoDico River. 158 

cfttuan* of. 276 
% 

sediment from. 278 
tributariee, 295 

Connecticut, in Glacial epoch. 286 
j'^int-controlled draina^ in. 562 
River. 62. 257 
baae-level of. 264 
COVRAD. V , 162 

Conaeqiient ntreama, 881, 289. 290. 

291. 492. 548 
C^xiaolidation. 202 
by cemenfiniE. 403 
by compreBBion. 404 
by heat. 404 
by wei^t. 404 
of maji^ma. 50 
of 0e<lin>eBta, 403, 407 
Cooatnjctive topo|r^phy. 539 
Contact metamorphism, 501, *503, 
*504, 606 
ore bodiea. 516 
temperature of, 507 
9ooe, 506 

CoBtep por iD c oos enaiocL, 471 


Continenta.1 deposits. 22S. 406 
reworked. 407 

Continental drift, h^-pothesis of, 6 
11. 16. 484 
glaciers. 325 
platform. 356 

Continental shelf, 8, 172. 175, 176 
356 

area of. 12 
Atlannc. S, 9 
Pacific, 9 

Continental slope. 172. 176. 356 
deposit.* on. 393 
Contorted strata. *425, 428 
Contortion. 451 

Contraction. h\T»othesis of secular 
160. 176, 452. 482 
CovwAY, Sir W. M.. 243 
Cooling, secular, of earth, 15 
Copper, 21. 27, 41. 42, 43, 521, 525 
527 

h>*poThermal, 520. 521 
in sandstone. 532 
mew>thermal. 525 
sulphide, 527 
magmatic. 514 
sulphides, 42 
SA-ngenetic, 530 
Coquina limestone, *382 
Coral breccia. 387 
conglomerate. 387 
reefs. 384. 395 
huilciing of. 389 
distribution. 385 
protocfive effects, 348 
Tiiaasic, 190 
Corals, 383 
compound. 384. *385 
deposits of, 381. 384 
Cordillera. 2S9, 476 
North American. 523 
thermal springs of, 13S 
Western, 476 
Cordilleran region. 526 
Cordova. Spain, potassium salts. 186 
Cornwall. Pa., magnetite ores. 516 
Coro Coro, B^^livia, copper mines, 532 
Cortlandite, 62 
Coseguina, 122 
Co-6eismaI curves, 163 
CosmogxMiy, theory of, 142 
Costa Rica, 122 
Country rock, 66 , S5 
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Cradle Rock, N. J., *209, 332 
)rater Lake, Oregon, *127, 129, 
551 

}rater ring, 551 
>ater, volcanic, as cirque, *306 
>ateriets, earthquake, 164 
>eep, frost, 220, *221 
of soil, 231 

!)retaceous beds, unconformable, *469 
Cetaceous, lignites of, 192 
sea of North America, 472 
vulcanism, 134 
Drete, 171 

Drevasse, marginal, 303 
transverse, 303 
ZJrinoids, 382 

[>ipple Creek district, Colorado, 526 
Droatia, 161 
Cross, W., 457 

Cross bedding, 269, 273, 379, *380, 
414, 471 

Crust of earth, composition of, 21 
primordial, 18 
Crustal stresses, 85 
Crj'ptocrystalline, 47 
Cr>’Stal, ^ 
forms, 23 
Crvstals, 23 

allotriomorphic. 4S 
compound, 27 
gigantic, 51, 73 
idiomorphic, 48 
incipient, 25 
intratelluric, 48 
ph>'sical properties of, 24 
twinned, 27 
Crv'Stalline rocks, 50 
schists, 499 
Crystallites, 55 
Crystallization, 26, 52 
fractional, 52 
of salts, destructive, 224 
Cuba, barrier reef of, 390 
marine terraces, 154 
residual iron ores, 531 
Cube, 23 

Cucaracha Slide, 244 
Culebra Cut, 244 
Cumberland, Md., 194 
Cupriferous shale, Permian, 530 

Cuprite, 41 

Cuirent action, depth of, 369 
bedding, 269 


Currents, ocean, 368 
tidal, 368 
Cyanite, 495, 500 

Cycle, geographical, 13, 17, 203, 251, 
636 

Cycles, Appalachian, 487 
incomplete, 489 
of change, 13 
of denudation, 488 
of river development, 280, 286 
C>*press, swamp, 352 

Dacite, 00, 63, 87, 526 
Dakotas, bad lands of, 215, 545 
Dalhousie, New Brunswick, 437 
Daly, R. A., 4, 20, 66, 84, 86, 141, 
147, 176, 484, 494, 510, 511 

hypothesis of moimtain building, 

4 *484 

Dana. X D., 11, 31, 4^, 431 
Danish coast, organic jelly of, 369 
Danube, 295 

Darton’, N. H., 75, 78, 79, 80, 350, 
420, 424, 456 
Darwix, C., 11, 350, 351 
Datolite-calcite veinlet, *519 
Daubr&, a., 253, 296 
Davis, C. A., 354 
Davis, W. M., 296, 433, 537, 562 
Dawes Glacier, Alaska, 322 
Day, A. L., Ill, 115, 123, 136, 144, 

145 

Dead Sea, brine of, 345 
level of, 263, 560 
vallev of, 559 

Death VaUey, *232, 346, *538 
Debris, atmospheric, 266 
Deccan, India, lava plateau, 552 
trap, 93 

Decompoation, mineral, 202 
vegetable, 351 
Deep, Tonga, 175 
Tuscarora, 175 

Deep-sea, changes in bed of, 13 
deposits, 373, 393 
Deeps, 9 

De Geer, Baron G., 14, 20, 152, 
336 

De la Beche, H., 419, 431 
Delaware Bay, estuary, 402 
Delaware River, 313 
base level of, 264 
in Glacial epoch, 286 . - 
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Delaware River — Continued 
rapids of, 284 

Delaware Valley, Indians of, 184 
Delaware Water Gap, 219, *220, 256, 
*266,289, 312, ♦SIS, 314, 430, 547 
Delta, 269, 273, 276 
at Golden Gate, 158 
growth of, 278 
Deltas in lakes, 278, 338 
Density, deficiency of, 5 
excess of, 5 
of deep interior, 22 
of the earth, 2 
Denudation, 202, 539 
of mt. ranges, 486 
Denuding agents, 203 
Deposition, 202, 228, 481 
glacial, 322 
in caves, 239 
lake, 338 
marine, 373 
river, 267 
salt water, 277 
Depression of land, 5, 147 
evidence of, 155 
Derivative rocks, 179 
Dcrobe River, 294 
Desert varnish, 228 
Deserts, salt in, 344 
weathering in, 222 
Desiccation, progressive, 299 
Destruction of rock, 202 
Devil’s Post Pile, 456 
Tower, 82 

Devitrification, 25, 56 
Devonian coal, 196 
Diabase. 62, 63, *72, 93 
weathering of, *208 
Diabases, metamorphosed, 499 
Diagenesis, 403 
DialLage, 34 
Diamond, 26 , 

pipes, S. Africa, 143 
Diastrophic forces, 168 
movements, 52, 203, 432 
Diastrophism, 5, 16, 84, 146, 176, 539 
causes of, 159 
epeirogenic, 5, 84, 85, 146 
mountain making, 93 
orogenic, 5, 84, 85 
plateau-making, 93 
Diatom ooze, 373, 399, 400, 401 
Diatoms, 190, 393 


Diatoms, deposits of in estuaries 
402 

Dieppe, 157 

Differentiation of magmas, 51, 52 
Diopside, 33 
Diorite, 60, 61, 63, 68 
family, 60, 87 
porph>T>', 63 
quartz. 63 
sheet, *71 
tin in, 520 
Dip, 416 
of fault, 434 
slope, ^547, 548 
Disconformity, 467, 468, *470 
Disenchantment Bay, 169 
Disintegration of minerals, 202 
Dislocation, causes of, 449 
Displacements of strata, 415 
Distortion of ciystals, 27 
Dodecahedron, 23 
Dolerite, 61, *74, *75 
Dolomite, mineral, 39, 526 
rock, 189 

Dolomites, the, 190 
Dolomitization, 190, 391 
Dolores River, 216, *217 
Dome, 421 
Appalachian, 492 
of strata, 474 
Dome-like hills, 545 
Doubs River, 294 
Downthrow, 432, 434, 557 
Downwarp, 176 
Drag, 436, *437, *439 
Drainage, development of, 13 
lattice. 561 

level of, 236, 23S. 239 
minor, determined by joints, 562 
pre-Glacial, 257. 290 
Dreikanter, 182, 226 
Drift, glacial, 182, 290. 311 
Drift-sand rock, 200, 232 
Drift, sands, 406 
sheets of Glacial epoch, 286 
Drowned streams, 286 
Drowned valleys, 158 
Drumlin, *329 

Drummond Island, Mich., 462 
Dsungarian Alatan, 494 
Ducktown, Tenn., copper mines, 51 
Duluth, 84 

Duncansby, Scotland, 362 
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Dune Park, 230 
Dunes, sand, 200, *230, *232 
Dunite, 4, 62, 63 
Dust, deposits, 232 
Dwyka tillite, *312 
Dyke, 68, *71, *72, *73, *74, *76, *77, 
81, 85, *128, 141,142, 554 
compound, *72 
granite, *^ 
trenches, 557 

Dykes, metamorphosing, 506 
Dynamic metamorphism, 504, 505 
Dynamics, 17 

E^arth, arfangement of parts, 3 
as a planet, 1 
density of, 2 
form of, 2 
history of, 17 
internal constitution of, 2 
temperature of, 2 
origin of, 18 
surface of, 2 
Earthquake, 165 
Alaskan, of 1899, 169 
Charleston, 167, *172 
faults, 557 
focus of, 163 
Grand Banks, 172, 176 
Great Indian, 164, 168, 169, *171 

TfarViia 174 

Japan^, 1891, *169, 170 
Kansu, 163 

Messina, 163 « 

New Madrid, 1812, 173 
Owens Valley, 1872, 171 
Peruvian, 165 

San Francisco, 1906, *161,169, *170 
Sonora, 168 
Tokyo, 163 
waves, 2 

Elarthquakes, 160» 432 
JStna, 174 
California, 175 
causes of, 173 
Central American, 174 
distribution of, *165 
effects of, 168 
Hawaiian, of 1868, 174 
Mississippi Vall^, 164, 167, 168 
phenomena of, 163 
submarine, 165 
tectonic, 174, 175 


Vesuvian, 174 
volcanic, 174 
Earthworms, 350 
East Indies, 167, 191 
oil in, 199 

raised beaches of, 154 
volcanoes of, 135 
East River, tidal currents in, 368 
East Bock, New Haven, 555 
Echinodermata, deposits of, 381, 382, 
383 

Efflorescence, 26 
Egypt, 59 
oil of, 199 

rock-cut tombs in, 156 
Eifel, volcanic pipes of the, 140 
Eisenkies, 42 

Elastic rebound theory of eartb* 
quakes, 175 

Elbow of capture, 292, *2^ 

Eldgja, 94 
Elements, 21 
Elevation of land, 5, 147 
evidence of, 151 
isostatic, 159 
Elk Mts., Colorado, 474 
Ellesmere Land, 483 
Ellice Islands, 390, 398 
Elm, rockslide at, 243 
Embankments, effect of, 272 
lake, 337 
Emerald, 27 

Emerald Lake, B. C., *270 
Emmons, H., 176 
Energy, solar, 15 
terrestrial, 15 
Englacial drift, 321, 327 
Englan d, 443, 458, 483 
Caledonian mts. of, 483 
east coast of, 147 
erratics in, ^1 
south coast of, 2^ 

Engltflh Channd, 358 
tidal scour in, 379 
En ^iah coast, retreat of, 356 
Enstatite, 33 
Eocene, M 

strata, unconformable, *469 
Epeiric seas, 146, 372 
E^center, 163 

Epicontinental a^is, 146i 372 
Epidote, S6» 500 
group, 36 
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Epidote — Continued 
metAznorphic, 507 
rockr 498 

Epitherm&l deposits, 520, 626 
Erosion, 202 
atmospheric, 205 
differential, 203 
glacial, 307 
marine, 356 
river, 252 
Erratic blocks, 330 
boulder, Madison, N. H., 330 
Portland, Conn., *330, 331 
Eruptions, explosive, 106 
mixed, 122 
volcanic, 93, 106 
Eruptive rocks, 52 
Escarpment, *547 
of Catskills, 292 
retreat of, 548 
Esker, *332 

Estuarine deposits, 402, 403 

Estuary, 402 

Europe, glaciation of, 6 

hypothermal gold-quartz, 521 
mts. of northern, 4^ 
oil in, 198 

Tertiary mts. of southern, 485 
volcanoes, 135 
volcanic pipes, 100 
western, 176 
Eutectic magmas, 50 
Evaporation, 235, 297 
Exfoliation, 206 
Expansion of crystals, 24 
Extrusion, 93, 142 
in mt. ranges, 480 
mechanism of, 140 
Extrusive flows, 505 
rocks, 46 

Falkland Islands, 11 
Fall-zone peneplain, 491 
Falls of Montmorency, 283, *284, 561 
of the Rhine, 255 
of the Yellowstone, 283 
Families of igneous rocks, 55 
Fan-folds, 429 
Farallones Islands, 170 
Faroe Islands, 11, 94 
Fault-block, 169, 440, 441 
breccia, 182. *435. 436 
line, cut by waves, *361 
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Fault-made stream channel, *253 
Fault, plane, 436 
rook ^440 

scarp, 168, *169, 170, 171, *433 
437, 438, *444 
buried, 283 
eroded away, 558 
persistent, 560 
resurrected, 561 
Sierra Nevada, 558, 560 
Wasatch Mts., 558, 560 
valleys, 561 
Faulting, 168 

direction of movement, 452 
submarine, 172 

Faults. 175, *253, 313, 432, *433 
*434. *435, *438, *439 
amount of displacement, 433 
bedding, 437, *438 
bounding mts., 477 
Committee on nomenclature of, 43^ 
compound, 440 
dip. 437, 443, *444 
effect on outcrop, *433, *442 
genesis of normal, 452 
gra\'ity, 439 
high-angled, 439, *441 
horizontal, 444, *446 
intersecting, 447 
low-angled, 447 
modem in sea-l)ed, 171 
multiple, 558 

normal, 432, *433, *434, *435, 43^ 
440,.*441, *442, 557 
oblique, 437, 444 
relation of to folds, 447 
reversed, 442, *443, 447, 557 
rotatorv, 446 
step, 440, 441, *442 
strike, *434, *435, 440 
trench, 440, 441 
trough, 440 
vertical, 439 
Fayalite, 35 

Felch Gulch, Colo., *268 
Feldspars. 22,30,32,35,38, 47,54.5( 
57, 59, 178 
alkali, 59 
cleavage of. 30 
decay of in Tropics, 208 
decomposition of, 207 
group, 30 

large crystals of, 58 
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eldspars — CanHnued 
lime, 30 

lime-soda, 30, 59 
decomposition of, 207 
monoclinic, 30 
plagioclase, 31 
potash, 30 
potash-^oda, 30, 32 
sand of, 375 
soda, 30 
triclinic, 30, 31 
'eldspathic rocks, weathering of, 
214 

'eldspathoid, 35 
group, 32 

'eldspathoids, 38, 51, 58 
^elsite, 66, 63 
metamorphic, 497, 499 
porphyry, 63 
^errara, Italy, 272 
•'erric oxide cement, 404 
solution of, 211 

''erm*magnesian minerals, 55, 56, 
57 

^errous carbonate, solution of, 211 
ferruginous precipitates, 187 
sandstone, weathering of, 211, 212 
fibers, crystalline, 27 
^LD, R. M., 382 
?lfe, 75, 76 
^n^’s Cave, 456 
?'iNi£Y, F. L., 102, 105 
?lords, 316 
?lre-clay, 183, 363 
300 

F*ish, fossil, in cannel coal, 193, 195 
fissile rocks, *465 
flsaility, 463, *466 
fissure, 432 
earthquake, 164, 168 
eruptions, 93, 94, 103, fll7, 130 
springs, *246 

Flagstaff, Arizona, 88, 89, 91, 95 
Flagstone, 181 
Flaming Gorge, 288 
Flat coasts, wear of, 366 
Flexure, 559 
monoclinal, *431 

Flint, 29, 186,191 
concretions, 415 
deposits of, 19 
nood, deposits of, *268 
Flood, Johnstown, Pa., 265 


flood plain, 270 
deposits on, 273, 274, 406 
Floods, destructiveness of, 265 
florid^ deposits in Atlantic, 384 
deposits in Gulf, 384 
Indian bones in modem sandstone 
404 

Keys, 389 
lakes, 282 

modem sandstone, 404 
southern, 281 
Flow structure, 49 
underground, 237 
Pluor spar, 26, 39 
fluorine, ^1, 508 
as mineralizer, 515 
fluorite, 26, 39, 58, 520, 526, 527 
fluvio-^acial depodts, 332 
Fluxes, 183 

Fold, asymmetrical, *423 
Folded belts, narrowing of, 160 
Folding, 176, 481 
causes of, 449 
force, dirwtion of, 451 
of mt. ranges, 481 
Folds, 85, 418, 448 
closed, 498, 451 
false, 430 

inclined, *423, *424 
inverted, 447, 451 
isoclinal, *429 
open, 428, 451 
overturn^, 423, *424 
recumbent, 423, *425, *426 
relation to faults, 447 
sheared, 448 

symmetrical, *419, 423, 451 
undulating, 428 
uplift, *419, 423, 451 
Foliation, 495, 510 
Fool’s gold, 42 
Footprints, 273, 378 
Forwoinifera, 189, 391, 393 
deposits of, 381, 383, 384 
in red mud, 395 

Foraminiferal ooze, 373, 396, ^97 

Forces, 17 
denuding, 17 
Fordham gneiss, *271 
Foreland of mt. ranges, 479 
Foreset beds, 277, 416 
Forest bed, English Pliocene, 157 
Forestry, U. S- Bureau of, 218,348 
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Forests, buried. 157 
protective effects of, 2l8 
submerged, 158 
Forms, crvstai, 27 
Forsterite, 35 

Fossil fish in oil shales, 199 
Fossil wood replaced by copper, 532 
Fossils. 17 

in volcanic deposits, 103 
Fox River, Wise., 431 
E., 151, 176 
Fractures of rocks, 432 
Fragmental volcanic products. 63. 
102 

France. 99. 135. 167 
boghead coal in, 196 
coal in. 196 

joint-controlled drainage in, 562 
lignite of, 197 
Permian coal in. 196 
subsidence of, *156. 157 
Francis Joseph Land, snow-line in, 
297 

Frank, Alberta, rock-slide. *243. 244 
Franklin Furnace. X. J., 41 

zinc ores of. 517 

• 

Franklinite, 41. 51S 
Fraser River. B. C.. delta of. 277 
Frederick Sound, .\laska. 427 
French theory of coal formation. 195 
Fresh-water deposits. Tertiary*, 102 
Fresh-water lakes, see Lakes 

4 

Fringing reef, coral. 389 
seas, 10 

Front Range, Colo., 475 
thrusting in. 447 
Frost action in high mts., 4S6 
Frost, destructive work of, 211, 218, 
*219, 405 
talus, *220. 406 
Fuji San, Japan. 126. 551 
FrLLER, M. L., 172. 173, 176 
Funafuti, borings at, 390 

Gabbro. 62, 63. 6S. *83, 84, 514 
family. 61, 76. 87 
fusibility of, 88 
hornblende, 62 
hypersthene, 62 
olivine, 62 
porphyry', 63 
Gadow, H., 131 
Gail l a r d Gut, arching in, 431 


Galena. 42 
cleavage of. 26 
contact, 516 
silver-bearing, 524 
Ganges basin, annual waste. 279. 40 
delta of. 276, 27S 
discharge of, 267 
Gangue, 513 
Ganister. 501 
Gaps, Appalachian, 256 
G-umiN'ER. J. S., 391. 40S 

4 

Garnet group. 36 
precious. ^ 
rock. 49S 

Garnets. 27. 36, 495. 496. 500, 521. 52 
metamorphic. 508 
weathering of. 210 

G.uitlet, IIS 
Gas. natural. 197. 19S 
volcanic. 121, 145 

Gaseous products, volcanic. 104, 10c 
Gases, chemically active. 145 
magmatic, 49. 52 
of ^auea. 114. 115 
origin of volcanic, 143 
reactions of volcanic. 93 
Gaspe Peninsula. Quebec, 361 
Geanticline, 422 
Geiger, 4 
Geikie. Sm A.. 510 
Gelungung. 122 
Gems. 28 
in pegmatite, 58 

y. physical. 18 
Geologists, American. 193 
French, 195 
German. 121. 159 
Geology, definition of. 1 
dynamical. 16, 17, 18 
historical. 15, 17 
physical. 15 
physiographical, 15. 17 
structural. 15. 16, 17 
subdivisions of, 14 
tectonic. 15. 16 
Geoaorphogeny, 17 
Geomorphology, 15, 17 
Georgia. 70 

green sand off coast of, 395 
vulcanism in, 134 
Geos>-nclinal trough. 4S3 
Geosyncline. 422, 475. 4S1. 486 
Appalachian. 4S6 
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ermany, 135, 158 
brown coal, 192, 197 
central seismogr. station, 160 
coal in, 196 

coast destruction of, 366 
peat bogs, 351 
Permian coal, 196 
volcanic pipes, 99, 100, 140 
eyserite, 186 
eysers, 139 
rhizeh, 224 
rhor, 559, 560 
^ant kettles, 264 
riant Spring, Mont., 247 
riant’s Causeway, 455 
rILBEBT, G. H., 133, 136 
tiLBEBT, G. K., 81, 86,241, 349, 354, 

541, 553 
Ija, 94 

rlacial ages, 6 

deposits, 179, 322, 406 
drift, 257 

Permian, S. Africa, *324 

Pleistocene, *324 
epoch, 260, 283, 290, 316 
erosion, 72, 309 
ice, structure of, 300 
periods, 299 
retreat, 299 
soil, 214 

streams, transportation by, 321 
transportation, 319 
valley, U-shaped, *313, 314 
Grlaciated regions, topography of, 316 
Glaciers, *298, *301, *304, 306, *320, 

326, 487 
Alaskan, 169 
Alpine, foot of, 305 
destructive work of, 405 
distribution of, 302 
foot of, 304 
formation of, 299 
hanging, 305 
motion of, 298, 302 
rate of motion, 303 
Roclqr Mt., 302 • 

temperature of, 300 
(Hass, artihcial, 56 

ba^tic, 61, 132 

volcanic, 25, 47, 48, 50, 55, 56, 63, 
132 

Glassy rocks, 48, 50 
(HaubePs salt, 346 


Glauconite, 38, 180, 303, 386^ 4 ^% 
529 

Glen Coe, 128 
Glen Fault, 438 
Glen Nevis, *315 
Glen Roy, paraUel roads, ^40 
Globigerina, 396 
oose, 189, 396, *397 
Glutwolke, 108 
Gneiss, 496, 498» *506 
augite, 499 
biotite, 499 
diorite, 499 
granit^ 499 
hornblende, 499 
origin of, 499 
syenite, 499 

Gneisses, banded granitic, 511 
Gohna Lake, formation of, 243 
Gol<^ 42, 250 
epithermal, 525 
hypothennal, 520, 621 
in contact ores, 517 
in earth’s core, 4 
in replacement ores, 525 
fields of Transvaal, 534 
quarts, 521 

epithermal, 526 
mesothennal, 523 
Golden Gate, 158 

submarine delta of, 276 
Goose Creek, Va., faulted vein, *B19 
Gobdon, C. H., 499 
Goiges, depth of, 284 
stream-cut, 256 
youthful, *282 
GU>mer Glader, *304, ^20 

Gossan, 528 
Goum, L. M., 326, 328 
Graben, 253, 441 
of Rhine Valley, 559 
of Rhone-SfiOTe, 157 
Graham Iriand, 133 
Grain of count^, 280 
Grained rocks, ^ 

Grains, crystalline, 27 “ 

Grand Canon, *259,410 
Geyser, 139 

River, 258 _ ' 

Granite, 4, 48, 49, 6T, 63,6^ 86 

au^te, 57 
Baveno, 49 

binary, 57 
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Granite — Continued 
cassiterite in, 520 
disintegration of, 206 

family, 55 
foliated, 511 
frost-shattered, 220 
fusibility of, 88 
giant, 57 
gneissic, 49 
hornblende, 57, 59 
joints of, *457 
muscovite, 57 
porphyry, 63 
soda, 57 

Granites, 35, 58, 61 
Granitic core, of Rocky Mts., 480 
of Sierra Nevada, 480 
domes, 457 
intrusions, *506 
Granitite, 57 
Grano-diorite, 60, *219 
porphyry*, 63 
GrapWte, 497 
Grass, protection by, 216 
Grasshopper Glacier, *301 
Gravel, 181 
marine, 373, 392, 407 
Gravity, 203, 489 
Graywacke, 181 
Great Barrier, Antarctic, 335 
Great Barrier Reef, Australia, *386, 
♦388, *389, 390 
pteropod ooze, near, 398 
Great Basin, 233, 286, 558, 560 
alluvial fans in, 270 
ancient lakes, 341 
fault-valleys in, 561 
mt. ranges of, 169 
rainfall of, 343 
saline lakes of, 346 
Great Britain, coal of, 196 
separation from continent, 159 
Great Dismal Swamp, 352, *353 
Great Dyke of Rhodesia, 72^ 614 
Great Lakes, 290, 341 
history of, 155 
surf in, 337 

Gr^t Plains, 12, 102, 138, 167 
river deposits on, 471 
Great Salt Lake, 155, 341, 344 
brine of, 345 
Greece, 167, 168, 171 
Greek Archipelago, 133 


Greek Islands, 171 
Greek Philosophers, geology of, 14 
Green Mts., Vt., 476 
Green mud, 373, 395 
Green River asphalt, Ky., 198 
Green River, canons, Utah, 258, 28^ 
Shales, 184, 199 
Green sand, 180, 186, 373, 396 
Greenland, Caledonian Mts. in, 483 
fiord coast of, 316 
glacial retreat in, 299 
ice of, 6 

inland ice, 304, *325 
temperature of, 302 
thickness of, 3^ 
raised strand^lines, 153 
rate of glacier motion, 304 
snowfall, 302, 326 
summer streams, 330 
Greenless, J., 118, 248 
Gregory, J. W., 452, 453, 559, 562 
Grindelwald Glacier, Switzerland 
312 
Grit, 182 
Grossularite, 495 
Groimd ice, 334 
Ground mass, 47, 49, 57 
Ground moraine, 321 
Groimd water, 236, *236 
motion of, 242 
“universal sea of,” 237 
Grout, F. F., 86 
Grubenilow, U., 500, 511 
Gnis, 220, 224 
Guatemala, 102, 122, 134 
volcanic activity in, 110 
Guenther, R., 151, 176 
Gulf of Akabah, 560 
Gulf of Maine, 146, 148, 158 
Gulf of Mexico, 10, 371 
bentonite on coast of, 65 
calcareous banks, 188 
deltas in, 276 
limestone banks, 383 
oil field, 197, 198 
Gulf Stream, scour by, 369 
Gunnison River, canon of, 290 
Guhwitbch, L., 197, 201 
Gutenberg, B., 4, 20, 176 
Gypsum, 27, 39,186 
deposition of, 345 
deposits, 406 
in salt l^es, 345 
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[ade of fault, 434 
[sBinatito, 27, 40, 231 
Lake Sux>eiior, 531 
ooUtic, 187, 529 

[alemaumau, 91, 93, *113, *114,116, 
118, 142, 144 
falimedia opuniia, 391 
r AMBER S, A,, 300 
langing valley, *315 
[arbour Saundersfoot, Wales, *423 
[ard water, scale of, 248 
Iardeb, S. G., 354 
[ardness of minerals, 26 
Lareer, a., 51, 52, 67, 84, 85, 86, 

94, 105, 143, 510, 511 
lame^s Peak, Black Hills, 477, 480, 
♦556 

larrisbuig peneplain, 491 
larz Mts., Germany, 525 
lastings, Ont., *83 
Iatch, F. H., 59, 60, 65 
Iatcher, J. B., 323 
lavana, storm waves at, 359 
lawaii, 90, 91, 113, 174 
lawaiian Islands, 61, 88, 90 
lava of, 88, 90, 113 
volcanoes of, 113, 119 
lawaiian volcanic type, 121 
lAYDEN, F. V., 414, 431 
Iates, a. O., Ml 
leat, interior, of earth, 2, 160 
in metamorphism, 501 
origin of volcanic, 142 
leave, *434, *435 
fault, 444 
ledenbergite, 33 
leidelberg, water supply of, 246 
Seim, A., 482, 494 
Sell Gate, tidal currents of, 368 
Hemisphere, Atlantic, 6 
land, 7 
Pacific, 6 
7 

Henry Mts., 81, 474, 553 
Henwood, W. J., 367, 370 

Herculaneum, 107 
Hexagonal joint columns, 456 
Highlands, of N. J. and the Hudson, 
476 

of Scotland, 447, 448, 560 
High moimtains, deposits on, 406 
High Plateaus, fault scarps, 560 
flexures, 560 


High Plateaus of Utah and Arisona, 
94, 259, 430, 548 
Highwood Mts., Mont., 83, 553 
Hilton of Gadixill, Ross, Scotland, 
*438 

Himalayas, 486, 550 
gorges of Indus, 289 
mountain falls, 243 
rainfall on foothills, 215 
snow line, 297 
structure, 477 
Tertiary date of, 485, 486 
Hinterland of mt. ranges, 479 
Historical geology, beginnings of, 410 
Hoang-ho River, shifting of, 294 
Hobbs, W. H., 176,305,307,321,325^ 
336 

Hogback, *549 
Hogboh, a., 159, 176 
Hokkaido, 119 
Holland, 158 
coast of, 379 

destruction of, 366 
Holland, T. H., 234 
Houies, a., 201 
Holmes, W. H., 81, 82, 86 
Holyhead breakwater, 357, *358 
Honolulu, 385 
Hoodoo country, 94 
Hoiiaontal throw, *434, 436 
Hoiizontality, departures from, 416 
Hornblende, 34, 37, 38, 49, 57, 

59,500 

Hornblendes, 26 
Homblendite, 62, 63 
Horne, J., 447, 453 
Homstone, 29,186 
“Horses,” clay, 471 
Horst, 441, 558 
Hot blast, 108, 110 
Hot spring deposit, 250 
Hudson Bay, 10, 146, 371, 372 
drainage system, 2^ 
raised strand lines, 153, *154 
Hudson River, 158, 267 
cross section of, *271 
drowning of, 275 
estuary, 402 
in facial epoch, 286 
rocl^ gorge of, *271 
Humboldt, A. von, 90 
Humic acids, 350 
Hummock, 312 







Hungary, 525, 526 
placer mines in, 533 
Huntington, E., 494 
Hyattsville, Wyo., 547 
Hydration, 37 
of feldspars, 206 
of minerals, 203, 204, 206 
Hydrocarbons, 197 
accumulations of, 179 
Hydrochloric acid, 105 
Hydrofluoric acid, 105 
Hydrogen, 21 
sulphide, 105 
Hydrosphere, 3 

Hydrothermal action, 502, 523 
Hydrothermal metamorphism, 505 
Hydroxyl, 35 
H^'pabyssal rocks, 46, 49 
Hypersthene, 33 
Hypothermal deposits, 520 

Ice, 204, 297 
ages, 299 
cap, 305, 326 

caps, Pleistocene, 147, 152 
destructive work in mts., 487 
field, 325 
glacial, 159 

pavement, 302, *310, *312 
work of moving, 15 
Icebergs, Antarctic, 335, 336 
Arctic, 335 

deposits on sea-bed, 336 
Iceland, 9, 136, 553 
eruption of 1783, 94 
faulting in, 433 
fissure eruptions, 94, 103 
geysers, 139, 140 
ice-cap, 325 
outwash plain, 332 
volcanic activity, 94 
Idaho, 219 

Idaho, lava fields of, 93 

Iddinqs, J. P., 31, 52, 86, 101, 105, 
511 

Idria, Camiola, 526 
Igneo-fragmental rocks, 50 
Igneous action, 84 
bodies in topography, 542 
intrusions, 476 
rock masses, 66 
rocks, 38, 46, 211, 495 
accessory minerals of, 210 


Igneous rocks, acid, 54, 66 
basic, 54, 61 

component minerals, 203 
disintegration of, 206 
families of, 55 
intermediate, 55, 69 
joints of, 459 
ultrabasic, 55, 62 
volatile constituents of, 50 
Illinois, petroleum in, 197 
Ilmenite, 40, 613 
Imbrication, 448, 449 
Inabnit, F., 543 
Inabnit, Mrs., 543 
Inclusions, 142 
India, 164, 167, 521, 531 
lava fields of, 93 
Palaeozoic glaciation in, 299 
Triassic coal of, 196 
wave-cut platform, 365 
Indian Ocean, 8, 399 
Indiana, 230 
petroleum in, 197 
Indians, pre-Columbian, 184 
Indus, 289 
sediment from, 278 
Infusorial earth, 190, 342 
Initial dip, 416 
Injected bodies, 66, 71 
Injection, 503 
Inland ice, 305, *326 
Inlier, 472 
faulted, 472 

Insolation, destructive work of, *21? 
*223 

Interdigitation, 380 
Intrusion, mechanism of, 140 
Intrusions, 480 
Intrusive rocks, 46 
Inwood Limestone, *271 
Iodine, 22 
Iowa, 472 
Ireland, 71, 455 
basaltic plateau of, 94 
Caledonian Mts. in, 483 
lava plateau in, 553 
peat-bogs of, 352 
retreat of coast-line, 366 
sea-stacks of, 363 
Irish Sea, 8, 158 
Iron, 21, 27, 40, 58 
ferric, 22 
ferrous, 22 
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Ton, bacteria, 354, 529 
carbonate, 524, 531 
chloride, 105 
concretions, 415 
hypothermal, 520 
in earth’s core, 4 
nodules, deep sea, 401 
ores, Lake Superior, 531 
marine, 187 
titaniferous, 40 
oxides, 55, 210, 211 
deposits of, 407 
pyrites, 42 

sand, gold-bearing, 375 
silicate, 531 

sulphides, magmatic, 515 
syngenetic, 529 
Iron-stone, clay, 43 
[rwell River, ^gland, 275 
Islands, Asiatic, 167 
Italian, 154 
new volcanic, 133 
volcanic, 131 
Isogeothenns, 3 
Isomorphism, 22 
Isomorphous mixtures, 22 
Isoseismal curves, 163 
Isostasy, 5 
Isotropic, 24 
Issik Kul, 494 
Isthmus of Panama, 166 
Italian coast, deltas of, 278 
Italy, 129, 167 
placer mines, 533 
Izalco, no, 131 

Jade, 498 

Jagg-ui, T. a., 90, 91, 113, 114, 115, 
123, 137 
Jamaica, 166 
James River, 158 
Jascieson, T. J., 342, 354 
Jan Maven, 136 
Japan, 126,163,165,167,169,175 516 

earthquakes, 167 

faulting in earthquake of 1891, 
*169 

oil of, 198 
tin of, 520 

volcanoes of, 106, 122 
Java, 102, lOS, 122, 165 
Jeftreys, H., 176, 4S3, 484 
Jena, central seismograph station, 160 


Jenolam Cave, Australia, *240 
Jessex, O., 364 
Jetties, 276 
Jibon River, 262 
Johaxssex, 461 

JoHxsoN, D. W., 159, 289, 357, 368, 
370, 488, 490, 492, 494, 562 
JoHXsoN, W. D., 236, 305, 306, 307, 
335 

Joint blocks, 45, 219 
adjustment of, 431 
Joints, 45, 219, 359, *464, *455, *456, 
*457. *458, *459, *460, *461, 
*462, *463 
blind, 460 
causes of, 460 

columnar, 61, 62, *80, *464, *455, 
*456, *459 
in dykes, 455, *459 
in lava flows, 455 
in sheets, 455 
in sills, 455 
compression, 462 
control of drainage by, 261 
dip, 460, 463 
hexagonal, 455 
master, *460 
platy, 45, *208, *458 
strike, 4^, 463 
topographical influence of, 561 
torsion, *461, 462 
JoxAS, A. I., 65 
Jordan River, 286 
Valley, 559 
Jorullo, 129 

Judd, J. W., 123, 137, 142, 145 

Jupiter, 1 

Jura Mts., Switzerland, 281, 481, 55C 
structure of, 477 
Jurassic limestones, 450 
Juvenile springs, 139 
water, 235 

Kaalfontein, 99 
Kaaters Kill, 292 
Kainite, 186 
Kamchatka, 167 
Kame, 329 
Kansas, 472 
Clarke Co., 
lead and zinc in, 533 
volcanic ash, 64, 102 
Kansu, earthquake, 163 





KaoHn, 30, 182 
Eaoimite, 38, 182 
Kaolinization, 207 
Kara-boghaz, 347 
Karst, 238, *239 
Katmai, 119, 122, 128 
eruption of, 111 
Katseb, E., 157, 176 
Keith, A., 172, 176, 439, 494 
Kemp, J. F., 193 
Kentucky, 12 
boghead coal in, 196 
limestone plateau of, 236 
Mammoth Cave in, 238 
Kermadec Islands, 175 
Kem Cafion, Calif., *314 
Kerren, Oban, Scotland, *466 
Kettle, hole, 264 
moraine, 323 

Kilauea, *113, *115, 116, 118, 121, 
124, 551 

eruption of, *115, 116 
lava of, 93 

Kindle, E. M., 172,-177 
Kinghom, Fife, Scotland, *75 
Kirwan, R., 30 
Kittatinny, Ridge, *266, 547 
Knopf, A., 60, 63, 65, 511 
Konigsberger, J., 4, 20 
Kootenay, district, 523 
River, *272 
Korea, 516 
fault blocks of, 561 
Krakatau, 64, 108, 119, 122, 166 
Krusch, P., 535 
Kuiu Island, 155 
Kulpa Valley, earthquake of, 161 
Kupferschiefer, 530 

Labradorite, 31 
Laccolite, 78 

Laccolith, *78, *79, *80,* 81, *82, *83, 
85, 141, 142 
cedar-tree, *82, 83 
mushroom, 83, 141 
pine-tree, *82 
Shonkin Sag, *82, *83 
Laccoliths, 474 
in metamorphism, 506 
Lacroix, A., 123 
Lacustrine deposits, 338 
La Guacana, 130 
La Jolla, Calif., 469 


Lake Albert, 452 
Lake beaches, *339 

1170 1AA 

Lake Bonneville, 155, 341, 343 
deposits, 274 
Drummond, 352 
Erie, *255 
erosion, 337 

Geneva, movement of water, 337 
Hector, 331 
ice, 335 

llopango, Salvador, 262 
iron ore, 187, 342 
Lahontan, 345 
Ontario, 255 

Superior, hornblende schists, 500 
Tangan 3 dka, 559 
Lakes, 204, 337 
abandoned, 341 
abimdance of, 317 
conversion into bogs, 338 
deltas in, 276 
deserted shore-lines, 338 
earthquake made, 168 
in glaciated regions, 285 
mechanical deposits in, 338 
plant growth in, 342 
saline, 343 
salt, 343 
work of, 15 
Lamina, 230, 411 
Laznime, crystalline, 27 
Land, the, 11, 15 
and sea, distribution of, 7 
areas, 17 

average elevation, 11 
denudation of, 410 
destruction, 205 
elevation, 17 
forms, genesis of, 17 
in folded beds, 549 
in horizontal beds, 545 
in plutonic rocks, 553 
in stratified rocks, 545 
in tUted beds, 546 
in volcanic rocks, 551 
land sculpture, 13, 636 
surface, 12 
irregular, 205 
waste, annual, 267, 279 
Landslip, *241, *242, *243 
in N. H. 1826, 244 
Landslips, 168 
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ANG, H., 295, 296 
apilli, 64, 103, 132 
a Plata Mts., 83 
APPABBNT, A. A. OE, 266, 296 
aramie sandstone, *415 
a Salle Mts., 225 
a Soufridre volcano, 109 
assen Peak, 96, 122, 136, 145 
eruption of 1914, 111, *112, 113 
ateral compression, 481 
aterite, 209, 231, 395, 407 
atite, ^ 

attice drainage, 561 
aurentian lakes, deposits in, 341 
ava, 48, 49, 87 
body, 102 
cones, 125, 551 

dome, 110, ns, 119, *120, 125 
fields, Columbia River, 93 
floods, of the northwestern U. S. 

286 

flow, 45, 141 

contemporaneous, 94, *95 
flows, 505 

Devonian interbedded, 97 
Quaternary, 526 
Tertiary, 525 
Hawaiian, 88, *90, 113 
plateau, 544, ^2 
porphyritic, 49 
sheet, 73 

interbedded, 94, *95 
stream, 90, 256, 505 
motion of, 89 
temperature, 93, 143 
tunnel, ^9, 90 
Vesuvian, ^ 

Lavas, circum-Pacific, 525 
succession, 53, 101 
Lawson, A. C., 177, 433 
Layer, ^29, 411 
Lead, 21, 42, 44 
and sine ores, genesis of, 533 
hypothermal, 520, 621 
in calcareous rocks, 532 
in sedimentary rocks, 532 
sulphide, 250 

epithermal, 526, 527 
Leadville, Colo., *522, 524 
Le Clair limestone, Iowa, 472 
Lee, W. T., 97 
Leeward Islands, 166 
Lehigh Gap, Pa., 289, 465 


Leith, C. E., 431,460, 464, 473 
Lepidolite, 35, 58, ^0 
LePuy, *99 
Leucite, 32, 51, 58 
Levant, 167 

Levees, natural, 270, *272 
Level, changes of, 5, 168 
Levis, Quebec, 4^ 

Lewi^n, Me., 73 
Libbet, W., 327 
Lignite, 191, 193, 196 
limbuig^te, 62, 63 
lime, 58 

Lime^ne, 18, 19, 28,188ft 507 
banks, 383, 404, 407 
fresh-water, 189, 342 
metamorphic, 4^, 497, 498, 499 
rectangular joints of, *462 
solubility of, 238 
terrestrial, 232 
weatheting of, 212, *213 
Limestones, Carboniferous of Eng¬ 
land, 190 
compressed, 451 
contorted, *425 
formation of, 211 
limit of perpetual snow, 297 
Limonite, 40^ 209 
in lakes, 342 

ores, odlitic of Lorraine, 530 
residual, 531 

Lindgben, W., 59, 250, 502,511,512, 
515, 516, 518, 520, 521,523,526, 
^,535 

lipari Islands, 56, 106, 121, 12^ 
171 

lipante, 56 
Liquid, supercooled, 25 
lit par lit, 504 
lithium, 22, 27, 58 
Ltihodomus^ 149 
lithosphere, 3, 21, 22, 408 
Little River Gap, Tenn., *439 
little Snake Hill, *68, 69, 555 
Little Sundance Hill, *78, 82, 563 
Littoral deposits, 373, 374 
extension of, 376 
Local metamoiphism, 505 
Lodes, 518 

Loess, 201, 232, *234 
Lofty mts., youthful, 486 
Logging stone, 332 
Loire River, Prance, 263 
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Long Island, 12 
coast of, 378 
erratics on, 331 
Longitudinal rivers, 280 
valleys, 492 

Looking Glass Rock, *225 
Lookout Mt., Tenn., 474 
Lop Nor, Turkestan, 346 
Lopolith, 84 

Lough Shinney, Ireland, *425 
Louisiana, petroleum of, 197 
Loup Fork of the Platte, 285 
Lowlands of Scotland, 560 
Ludlow, Gen., 359 
Luray, Va., caverns of, 240 
Lyell, Sir Charles, 148, 149, 150, 
215, 255, 256, 317, 334, 366, 
370 

McGee, W J, 218 
Madeira group, 136 
Madeira river, 295 
Magdalena Mts., N. M., 517 
Magma, 46, 71, 87, lOl, 144 
ascensive force of, 142, 144 
basaltic, 52 
consolidation of, 50 
crystallization of, 51 
eutectic, 50 
granite, 87 
intrusive, 141 
non-eutectic, 50 
origin of, 143 
reservoir of, 116, 143 
rhyolitic, 52 
syenite, 87 
volcanic, 145 
Magmatic gases, 87, 142 
vapors, 87, 140, 142 
Magnesia, 58 
in coral reefs, 391 
in marine organisms, 391 
limestone, 189 
minerals, 38 
Magnesite, 39 
origin of, 210 
Magnesium, 21 
carbonate, 210, 524 
chloride, 345 
oxide, 55 
sulphate, 345 

Magnetite, 40, 51, 59, 507, 513, 
contact, 516 


Magnetite sand, 375 

weathering of, 210 
Maier Glacier, Patagonia, *323 
Maine, 51, 58 
coast of, 159, 356 
Malachite, 44, 528 
Malaspina Glacier, 305, 307, 318, 331 
Malay PeniAsula, stream tin in, 53' 
Maipais, 131 

Malthes, F. E., 305, 336 
Mammoth Cave, Ky., 238 
Mammoth Hot Springs, 185, *249 
Man, early, in Europe, 299 
Palaeolithic, 159 
Manchuria, 135 
Manchurian block, 560 
Manganese, 22, 27, 41, 527, 531 
nodules in deep sea, 401 
ores, 530 
residual, 531 
Russian, 530 
Manhattan schist, *271 
Mansfeld, Germany, 530 
Mansfield, G. P., 482, 494 
Marble, 497, 507, 508 
artihcial, 501 
Marbles, colors of, 497 
Marbling, 497 
Marcasite, 42, 250 
Marginal seas, 371 
Maribios volcanoes, 131 
Marine deposits, 229, 373, 407 
Marine erosion, 356 
by rock fragments, 360 
Marine rocks, 401 
Marine transgression, 289 
Marl, 184 

Marquesas, pteropod ooze, off, 398 
Marr, J. E., 392, 408 
Mars, 1 
Marseilles, 404 
Marsh gas, 351 
Martin, L., 177 
Martinique, 108, 109 
Maryland, Potomac clay, 413 
Marysville, Mont., *67, 141 
Masaya, 110 
Mashed rock, 428 
Mashing in metamorphism, 509 
Massachusetts coast, 379 
mud line off, 392 
organic jelly off, 369 
Massive rocks, 45 
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Master joints, *460 
Materials dis^Ived in rivers, 266 
Matoppos Hills, Rhodesia, 459 
Mato Tepee, *80, 82, 456, 553 
Mature drainage, 285 
Maturity of rivets, 251, 280 
topographical, 17 

Mauna Loa, 90, 113, *116, *117, 
♦118, *119, 121, 125, 551 
eruption of 1868, 116,174 
Mauvaises Terres, 215 
Mayon, *124 

Meander, intrenched, 287, *288 
Meandering of streams, 2^ 
Mechanical deposition, 179 
Mechanical work, 214 
Mediterranean Sra, 10, 295, 371 
blue mud in, 395 
deltas in, 276 
modem sandstone, 404 
sandstone reefs, 392 
three basins of, 10 
Mercury, 1 

Mercury (metal), 42, 626 
sulphide, 250 
Merrill, G. P., 206 
Mersey River, ^5 
Mesa, 13, 646 

Metalliferous vein^ 250, 51B 
Metals, concentration of, 512 
dissemination of, 512 
heavy, 21 
native, 40 
of earth’s crust, 39 
Metamor|diic rocks, 20, 496 
foliated, 495, 498 
non-foliated, 495 
Metamorphism, 20, 600 
contact, 505 
dynamic, 480, 504, 607 
hydrothCTmal, 505 
igneous, 505 
local, 505 
of coal, 194, 195 
region^ 505, 610 
static, 505 

Metasomatic replacement, 502 
Metasomatism, 502 
"Meteor," S. S., 173, 355, 369, 373, 

39^ 400, 408 
Meteoric iron, 400 
Meteorites, 4, 15, 202 
Meuse Rivct, Ranee, *293, 294 


Merican on 3 rx, 185 
Mexico, 129, 130, 166, 168,169,17Q 
516, 517, 526 
petroleum, 198 
silver in, 524 
volcanoes of, 135 
Mica, 49, 55, 178, 496, 499, 520 
black, 511 
group, 34 
large plates of, 58 
tiUiiuin, 58, 35 
schist, 496, 499, 508, 509 
sodium, 35 
Micas, 22, 26, 34 
alkaline, 35 
ferro-magnesian, 36 
Michigan, 531 
copper deposits of, 527 
Michoacan, 130 
Microcline, 30, 31 
decomposition of, 207 
Microcrystalline, 47 
Microseism, 160 

Mid-continental ofl field, 197,198 
Middle Ages, 13 
Bifiddle West, lakes of, 317 
Mid-Western coal fiel^ 352 
Milne, J., 169,172, 177 
Mine Hill, N. J,, 517 
Mineral, 22 
springs, 247 
veins, 518 

Mineralisera, 501, 509 
Mineralising vapors, 506, 516 
Minerals, 18 
accessory, 54 
anhydrous, 26 
decompoation of, 19 
due to weathering, 210 
essential, 54 
igneous, 26 

imperfectly crsrstallired, 27 
in shdl of cementation, 204 
masrive, 27 

of sedimentary rocks, 19 
of variable composition, 22 
optical properties of, 24 
oxidation of, 203, 204 
phyrical properties of, 24 

rock-forming, 18,21, 88 

sedimentary, 178 
sifica,28 

silicate, 29 
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Mines, earthquake in, 106 
Minnesota, 84, 472 
drainage of, 282 
iron ores of, 531 
Miocene, petroleum, 198 
sea, transgression of, 492 
volcanoes, 144 
Misenum, 107 

Missionary Ridge, Tenn., 474 
Mississippi basin, waste of, 279, 406 
delta, 277, 278 
drainage system, 282 
Mississippi Kver, discharge of solids, 
267 

lower, 294 

material carried, 268 
passes of, 276 

Mississippi Valley, earthquakes of, 
164 

lead and zinc in, 533 
thermal springs of, 138 
thickness of strata in, 476 
Missouri, 194 

lead and zinc region of, 533 
Missouri River, 196, 280 
springs in, 247 
Mohorovicic, a., 161 
Moine gneiss, *467 
Molecule, 26 
in crystals, 26 

MoUusca, deposits of, 381, 383 
Molybdenite, 513, 520 
in contact zone, 516 
Molybdenum, 58, 521 
sulphide, 514 
Mombasa, 151 
Monadno^, 490 
Mongolian block, 560 
Mono Lake, 345 
Monocline, 4^ *431, 549 
Mont Pel4, 108, 111, 113 
eruptions of, 108, *109 
spine of, 109 
Mont Perdrix, *479, 649 
Montana, 73, 83, 141, 228, 617, 623, 
631 

dyke walls in, 564 
Ix)wer Cretaceous coal of, 196 
mountain ranges of, 476 
Monte Nuovo, 129, 150 
Rosa, *298 
Somma, 128 

Monteregian Hills, 97, 552 


Mi 

Moktessus de Ballobe, 106 
Monzoni, 59 
Monzonite, 69, 63 
family, 59 
porphyry, 63 
quartz-, 63 
Moon, 1, 2 
Moraine, 319 
lateral, 319 
medial, 319, *320 
terminal, *322, *323 
Morey, G. W., 144, 145, 502, 511 
Morocco, coast of, 167 
potassium salts in, 346 
Moselle River, capture by, *293, 294 
entrenched meanders, 2^ 

Mother liquor, 345 
Moulin, 318 

Mount Apatite, Me., *72, 73 
Mount Capulin, *125 
Mount Holmes, 83 
Mount Holyoke, Mass., 553 
Mount Hood, *127 
Mount Johnson, 552 
Mount Lyell, Tasmania, 306, 525| 
Mount Mitchell, X. C., 490 
Mount Rainier, 96 
Mount Royal, 102, 552 
Mount Shasta, 96 
Mount Tom, 555 
Mountain, 12, 474 
chain, 136, 476 
falls, 487 
glaciers, 305 

making, Pre-Cambrian, 485 
range, 474, 476 
compound folds of, 479 
contraction of, 160 
Daly's hypothesis of, 484 
degradation of, 6, 487 
folding of, 476 
geological date, 485 
geologically ancient, 486 
origin of, 16, 480 
peneplanatioD, 487 
reduction of in width, 482 
Mountain ranges, thick strata in, 476 
vertical uplift of, 482 
with fpanite core, 561 
Mountain system, 475 
Mountains, disintegration of, 233 
frost-work in, 219, 222 
roots of, 487 
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klountains — Continued 
youth of high, 550 
of Alaska, 476 
Canada, 476 
Colorado, 476 
northern Europe, 486 
Tertiary of southern Asia, 485 
Europe, 485 
Western Interior, 476 
Wyoming, 476 
Mud, 179, 182, 183 
blue, 393 
coral, 395 
green, 395 
red, 395 

marine, 373, 392, 393, 40/ 
volcanic, 102, 395 
Mud-cracl^, *273, 376 
Mud-flats, 402 
Mud-line, 393 
Mudstone, 183 
metamorphic, 508 

Mud-zone, 379, 392 

Mull, Island of, 95 

MrRRKT, Messrs. John, 149, -oo 

mSLt, Sib John, 373, 393, 395, 

40S 


Nantucket, 316 iqs 

Naphthenes in petroleum, 19/, 1»» 

Naples, 174 
Native metals, 513 
Navy, U. S., 9, 355 
Nebraska, 472 


bad lands of, 215 
flood-plain deposits, 274 
volcanic ash in, 64, 102 
Needles, of crystals^ 27 
of granite, 477, *556 
Neo Valley, Japan, *169, 170 
Nepheline, 32, 51, 58 
Nephelite, 32 


Neptune, 1 


Nevada, 525 

saline lakes of, 346 


Neve, 300 
fields, *298 
New Bogoslof. 1^^_^ 

New Bruns^'icV. 97. 100 
bentonite in, 65 

New Caledonia, bamer reef of, dW 

New England, 53 

in. *330, 331 


gorges of, 257 
lakes of, 317 
metamorphism in, 509 
mica schists of, 500 
mountains of, 485, 487 
peat bogs of, 351 
New Hampshire, 58 

ancient volcanoes of, 552 
New Jersey, 68, 69 

Appalachian dome in, 492 
artesian wells in, 247 
coast of, 378 
Coastal Plain in, 237 
green sands of, 186 
igneous masses in, 555 
“marP’ of, 184 
Newark rocks of, 555 
northern, 62 

New Madrid, Mo., earthquakes, 168 

New Mexico, 125, 216, 516, 523 
bentonite in, 65 
potassium salts in, 186 
sandstone mesas of. 545 
volcanic fields of, 552 
necks in, 97, *^ 
volcanoes of, 135 

New minerals in metamorphism, 

507 

New South Wales, 524 
New York, GO, 152, 

Appalachians of, 475 
Bav, tidal currents of, 368 
drumlins in, 329 
gorges of, 257 
lakes of, 317 

New Zealand, 118, 135, 139, 525 
fiord coast of, 316 
glaciers of, 303 
Newark, formation, 62 
Meadows, 68, 69 
sandstones, *69, 75, *271 


tilted, 546 

Newfoundland, 165, 172, 530 
iron ores of, 187 
Ngaranhoe Volcano, 

Niagara Falls, *254, 

Niagara River, bed of, 2o2, ^ 
Nicaragua, volcanoes, 131 
vulcanism, 110, 111 
Nicaragua-Jamaica plateau, 383 

Nickel, 27, 43 

in earth's core, 4 

magmatic sulphide, 514. 615 



Niger River, delta, 276 
Niggu, P., 511 
Nile, flood of, 272 
flood-plain, 270 
tributaries of, 295 
Nitrogen in petroleum, 197 
Nivation, 306, 487 
Nome, Alaska, 375 
beach placers of, 533 
Nonconformity, 467 
Norite, 62, 515 
North African Basin, 9 
North America, Carboniferous coal 
of, 196 

glaciation of, 6 
lava fields of, 93 
lignites of, 192 
Pacific coast of, 60 
Palfieozoic glaciation of, 299 
periods of mt. making, 485 
North American basin, 9 
North American coast, 172 
North Cape, 152 
North Carolina, 53, 62, 73, 194 
coast of, 378 
Newark formation, 557 
peaks of western, 490 
Triassic coal in, 196 
North Dakota, artesian wells of, 
247 

North German salt deposits, 186 
North Pacific, diatom ooze, 399 
North Sea, 10, 146, 148, 157, 158. 
159, 295, 371 
retreat of coasts, 365 
sand banks of, 379 
Norway, diastrophiam, 152, 153 
fiord coast of, 316 
ice cap of, 325 
wave-cut platform, 365 
N6tre Dame de la Garde, statue of, 
109 

Nova Scotia, 62, 363 
bentonite in, 65 
Nu^ ardente, 108, 110 
Nuggets, gold, 534 
Nullipores, 384, 387 
Nunatak, *327 

Oban, Scotland, 466 
Obsequent streams, 285, 291 
Obeddian, *46, SO, 66, 57, 63 
andesite, 56, 60 


CUff, 456 
porphyrj', 63 
rhyolite, 55, 56 
syenite, 58 
Ocean, 21 
basins, 355 

permanence of, 10, 11 
floor, 9 

Oceanic red clay, 399 
origin of, 400 
Oceans, 7 
Octahedron, 23 
Offset, 435 
earthquake, 171 
Ohio, 194 

petroleum of, 197 
River, base-level of, 264 
Oil, mineral, 197 
shales, 199 
Oklahoma, 194 
bentonite in, 65 
lead and zinc in, 533 
petroleum in, 197 
Old age, of drainage systems, 285 
rivers, 251, 280 
topographic, *536 
Old Bogoslof, 133 
Old Faithful geyser, 139 
Old Red Sandstone, *95, *466 
Oldham, R D., 165. 171, 177 
Oligocene brown coal, 192 
Oligoclase, 31 
Olivine, 35, 38, 51 
group, 3.5 
weathering of, 210 

Ontario, 83, 84, 521 
On>'x marble, 184, 185 
Mexican, 185 
Oolite, 185 
Ooze, 396 
Open fold, 428 
Ophicalcite, 498 
Orange Mt., N. J.. 555 
Orange, N. J., jointed trap, *456 
Order of succession of strata, 412 
Ordovician iron ore, 187 
mountain making, 485 
petroleum, 198 
pillow lava, 96 
Ore, 512 
de^ts, 40, 612 
minerals, 39 
primary, 40 
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Ore shoots, 512, 513 
Oregon, 127, 129,136,166 
gold-bearing con^omerates of, 534 
gold-belt in, 523 
lava-fields of, 93 
saline lakes in, 346 
volcanic cones of, 551 
Ores, carbonates, 43 
epigenetic, 532 
epithermal, 525 
hypothennal, 520 
in pegmatites, 515 
in sedimentary rocks, 629, 532 
in veins, 518 
mesotheimal, 523 
of contact metamorphism, 516 
of magmatic segregation, 513 
of weathering, 531 
oxidation of, 528 
oxides, 40, 513 
Organic accumulations, 187 
agencies, 179, S47 
deposits, in lakes, 342 
in the sea, 381 
jelly in shoal water, 369 
ooses, 396, 407 

Orinoco River, 273, 295, 296, 395 

Orogeny, non-periodic, 486 

Orthoda^, 26, 30, 32, 55, 57, 59 

decomposition of, 207 
Obton, E., 199 
Oscillations of levd, 148, IK 
Otto Nordenskjold Glacier, *326, 

•328 

Ouachita Mts., 485 
Outcrop, 417 

faulted, 441, *442, *444 

Outlier, 472 

Outwa^ plain, 328, 332 
Overdeepening of valleys, 316 
Overfold, *429, 447 
Overlap, 466, *470 
Overthnist, 448, *450 
Overwash, 332 
Owens Valley, Calif., 168 
Ox-bow lakes, 294 
Oxidation, of iron minerals, 206 
of minerals, 203, 204 
of ores, 528 
Oxides, metallic, 51 
Oxygen» 21, 28 
Oyster shells in estuaries, 403 

Oaa&dome, 194 


Padfic coast, earthquake bdt, 166 
kelp of, IK 
lava plateau, 552 
of North America, 534 
thermal spring 138 
volcanic deposits, 102 
vulcanism, 134 

Pacific Hemisphere, volcanoes, 134 
Pacific Ocean, 7, 8,165,166,167 
earthquake bdts of, 135 
foraminiferal ooae in, 400 
pteropod oose in, 398 
red day in, 400 
South, 175 
volcanic bdts of, 135 
Pack Saddle Mt., *219 
Pahoehoe, 90, *91 
PalsBosoic Ska, 53, 299 
bentonite of, 65 
dose of, 485 
^adation in, 299 
gold veins of, 521 
limestones, lead and dnc in, 533 
niarine iron ores, 529 


petroleum of, 198 
Falagonite, 61 

Pauses of the Hudson, 62, 93, 219 
columnar joints of, 456 
sill, 62, 68, *75, 141, 469, 507, 556 

trap, *^1 

Pidmarola Island, 154 
Pampas of Argentina, 283 
salt crusts of, 344 
Panther’s Gap, Va., 42A 
Paraffins in petroleum, 197 
Paragonite, 35 


Paraguay, 273 
Paraguay River, 295,296 
I^aralld roads of Oen Roy, *340, 



Paranfi, 296 
Partings in coal, 192 
Pass, forming of, 291 
Pabbarge, S., 25S4,234 
Patagonia, Andes of, 482 
Peace River, Canada, *419 
Peach, B. N-, 447,453 
Paake Deep, 9 
Peat, 191,193 

bog, 191,351, 

theory of ooal fonnatian, 193 

Pbbbles, 181 ^ 

abrasion of by sea, 36/ 
cbakedduy, 226 



Pebbles — Continued 
desert, 182, 226 
flint, 226 
glacial, *317 
limestone, 226 
of igneous rock, 226 
quartz, 252, 375 
river-made, 252 
Pegmatite, 51, 67, 63, *72 
of Maine, 51 
minerals of, 210 
temperature of formation, 515 
vein, *503, *504 
veinlet, *519 
Pel^D type, 122 
Penck, A., 406 
Peneplain, 536 
pre-Caledonian, 483 
re-elevated, 537 
re-elevation of, 489 
Pennington Co., S. D., *461 
Pennsylvania, 221 
anthracite of, 498 
bentonite in, 65 
central, *491 
Appalachian faults, 452 
Appalachian folds and thrusts, 448 
igneous masses in, 555 
Permian coal, 196 
petroleum, 197 
Pentlandite, 43, 513, 515 
Perched blocks, *330 
Pendotite, 4, 41, 62, 63, 495, 514 
family, 62 
Perlite. 66, 63 

Permian period, close of, 489 
glaciation, 299 
landscape resurrected, 544 
South African, *312 
Pernambuco, sandstone reefs, 392 
Perbet, F., 53, 120, 123, 137, 143, 
145 

Persia, 167 
petroleum of, 198 
Peru, 227, 525 
coast of, 378 
petroleum in, 198 
Pervading medium, 510 
Petebsen, C. G. T,, 369 
Petroleum, 197 
Cretaceous, 198 
Devonian, 198 
disseminated, 199 


geologica] date of, 198 
Ordovician, 198 
origin of, 190 
Phacolith, 84, 85 
Phanehtes, 63 
Phaneritic rocks, 48 
Phenocrysts, *47, 56, 57 
feldspar, ^ 

Philipp, H., 297, 300, 312, 336 
Philippines, 124 
volcanoes of, 135 
Phillips, A. H,, 29, 44 
Phlegraean Fields, 129 
Phonolite, 68, *80, 82, 456 
Phosphatic concretions, deep sea, 
401 

Phosphorus, 21 
as mineralizer, 515 
Phylhte, 496 
cleavage planes of, 496 
Physiography, 17, 562 
Piedmont glaciers, 307 
Pillar Point, lAke Ontario, *311 
travertine, 241 

Pillars of erosion, *217, *226, *227 
Pillow lava, *96, 132 
Pipes, diamond bearing, 99, 100 
in limestone, 238 
Piracy of streams, 291 
PiBSSON, L. V., 60, 62, 63, 65, 82, 83, 
86, 499, 511 
Pisolite, 185 

Pitch of folds, *418, 419 
Pitchstone, 50, 66 
porphyry, 63 
water in, 104 
Pittsburgh Seam, 194 
Plasters Kill, 292 
Placer deposits, 533 
Placers, fossil, 534 
Plagioclase, 30, 81, 32. 55, 59 
acid, 57 

decomposition of, 207 
Plain of marine denudation, 152, 
•364, *365 
Planets, major, 1 
Plants, work of, 15 
Plaster of Paris, 39 
Plateau, 12 
basaltic, 94 
Cumberland, 12 
dissected, 12. 488, 537, *543 
I^edmont, 12 



Platform, wave^ut, 363 
Platinum, 514, 534 
arsenide, 515 
in earth’s core, 4 
metals, 514 
placer deposits, 534 
Playa, 272 
deposits, 406 
Pleasant Run, O., 295 
Pleistocene, 155, 299, 307, 322 
ice age, 330 
Plication. 428, 451 
Plinian volcanoes, 122 
Pliny the Yoimger, 107, 120, 122 
Pliocene, marine, in Andes, 482 
Plucking, 311, 313 
Pluto, 1 

Plutonic bodies, 46, 66, 93, 141, 
142 

classification of, 66, 84 
concordant, 85 
multiple, 67 
simple, 67 
transgressive, 85 

Plutonic intrusions, metamorphosing, 

505 

Plutonic rocks, 46, 48 
frost-shattering of, 219 
Pluvial climate, 214 
weathering in, 222 
Pneumatolytic action, 502, 608 
Po River, 272 
Poland, oil of, 198 
salt deposits of, 186 
Polar deposits, 402 
deep-sea, 402 
Pole, nutation of, 2 
Poly halite, 186 
Polymethylene series, 197 
Polynesia, 167 
Pompeii, 107 
destruction of, 174 
Pond-ice, structure of, 300 
Ponza Islands, 154 
Porphyries, 48, 51 
Porphyry, granite, 57 
plutonic, 49 
quarts, 57 
Port a Buidhe, *74 
Port Namarch, *441 
Portugal, 167 

Perth Cadjack Ck)ve, Cornwall, *253, 
254 


Porto Rico trench, 9 
Potash, commercial, 186 
in lakes, 186, 343 
Potassium, 22, 55 
chloride, 345 
salts, 186, 245 
Pot-hole, 256, *263 
Pot-holes, in glaciated area, 264 
marine, 367 
subglacial, 264, 318 
Potomac clay, 413 
Potomac River, 158 
Gap. 256, 289, 293 
in West Virginia, *420 
rapids, 284 

Pourtalfe Plateau, 188, 384,40? 
Pozzuoli, 129, 148, 149, 154,155 
Pre-Cambrian gold-veins, 521 
Pre-Cambrian iron ores, 529 
Pre-Cambrian mountain making, 485 
Precipitation, atmospheric, 235 
Premier diamond mine, 99 
Pressure in metamorptuam, 502 
Primary gneisses, 511 
Primary rocks, 45 
Princeton, N. J., *212, *460 
Provinces, petrographic, 53 
Pseudomorphs, 28 

Pteropod ooze, 373, 397, *398 4 ^ 

Pudding stone, 182 
Puget Sound region, coal of, 197 . 
Pulses, earthquake, 161, *162 
Pumice, 49, 66, 63,103 
floating, 108 

Pumpelly, R W., 223, 234 
Puy de Ss^oui, 119, *120 
P 3 rramid Lake, 345 
Pyrenees, 136, 157, 167, 475 
snow-line in, 297 
Tertiary date of, 485 
Pyrite, 42, 43, 51, 250, 496, 513, 
515, 521, 525, 528 
Pyrite, 

auriferous, 42 ^ 

containing silver, 524 
-enargite, 525 
replacement, 525 
Pyrites, copper, 43 
iron, 42 

Pyroclastic rocks, 50, 6^ 102 
Pyrolusite, 41 
Pyrometamorphism, 505 
Pyrope, 36, 495 



pyroxene, 5S, 520, 525 
group, 32 
metamorphic, 50S 
rock, 498 
P>Toxenes, 51 
raoDoclinic, 33 
orthorhombic, 33 
Pyroxenite, 62, 63 
Pyrrhotite, 43, 513, 515 
contact, 516 

Quarrj-ing, art of, 461 
Quartz. 26, 27. 23, 51, 55, 56. 57. oS. 
178, 180, 496, 499, 513. 520, 521, 
523, 526, 527, 529 
cleavage of, 26 
in sedimentary rocks, 211 
large cr\’stals of, 58 
Quartz-monzonite, 60, 516 
porphyn.’, 63 
staimite in, 520 
Quartz-porph\T>*, 63 
Quartzite, 496, 499, 507 
artificial, 501 
joints of, 461 
Quatemar>’, 299 
mountains, 486 

Quebec, ancient volcanoes, 552 
'.-quartz veins, 521 
Queensland, 524 

Raccoon Creek, Ohio, 295 
Radio-activity, 14, 160, 483 
Radiolaria, 191, 393 
Radiolarian cherts in Aljjs, 398 
Radiolarian ooze, 191, 373, 398 
in Barbados, 399 
in islands of Banda Sea, 399 
Rain, 205 

chemical work of, 205 
columns, 216 
erosion, 215 

in different climates. 205 
mechanical work of, 214 
prints, 377, 414 
Rainbow arch, *420 
Raindrops, impressions of, 273 
Rainfall, character of, 205 
Rain-wash, 214 

Raised beach, *151, *153, *154, *155, 
338 

Ranges of folding, 475 
R-\nsome, F. L., 433, 445 


Kapias. 

R.\5Tall, R. H., 190, 201, 207 

Ravenna, 147 

RA'i'iTOXD, E., 369, 370 

Recife, 392 

Recomposition, 507 

Reconstruction processes, 202,203,401 

Record, geological, 10 

Recr>*stalli 2 aTion, 507 

Red Beds, SO. 532 

Red clay, oceanic. 373, 399 

Red mud, 373. 395 

Red River of the North, 2S2 

Red Sea, 560 

Reduction in width of mt. ranges, 48: 
Reeds, C. A., 166 
Reef builders, 384 
Reef-Rock, 387 

Reelevation of peneplains. 286. 489 
Regelation, 303 

Regional metamorphism. 505. 610 
Reid, H. F., 175. 177, 433, 453 
Rejuvenation, 284 

of destructive agents, 537 
of rivers, 251 
Relief, 203, 537, 557 
Remelting of lava, 53 
Renard, a. F.. 373, 397, 398, 408 
Replacement, 516 
in limestone, 527 
Reservoir, volcanic. 143 ■ 

Residual accumulations. 231. 5:31 
Resorbing of cr>'stals. 51 
Revivifying of streams, 489 
Reyxolds. S. H.. 71, 96. 101, 210 
239, 425 

Rhine, coarse material carried. 268 
connection ^ith Danul>e, 295 
delta of, 276 
in Lake Constance, 279 
trench, 295. 558 
Rhodesia, chromite in, 514 
Great Dyke of. 72 
platinum in, 514 

Rhone, connection of with Rhine, 29. 
delta, 278 

in Lake Geneva, 279 
mouth, sandstone reefs at, 392 
404 

Rhyolite, 66, 63, 87, 101, 526 
glassv, 456 
tufit, 102 

Richmond, Va., 191 




F. VON, 101, 105 
Ridges, anticlinal, *478, 481, 542,549 
of erosion, 289 
synclinal, *479, 549 
Rift Valley, Great^ of Africa, 94, 659 

of Rhine, 295 
Rift valleys, cause of, 452 
Rigid zone in mountains, 477, 479 
Rill marks, 376, 414 
Rio de Iia Hata, 296 
Rio Tinto, Spain, copper mines of, 525 
Ripple marks, 368, *376, *377, 379, 
414 

Rise, central Atlantic, 9 
River, deposits, 267, 407, 471 
erosion, 251 

submarine extensions of, 158 

terraces, 274 
valleys, widening of, 256 
Riviere Blanche, Martinique, 108 

Rivers, 205, 251 
base-level of, 263 
chemical work of, 251, 253 
cutting materials of, 252 
destructive work of, 405 
development of, 279 
genesis of, 281 
glacial, 318 

longitudinal, 280 
marine, 280 

mecha^cal erosion of, 252 
periodical, 281 

South American, 295 
subglacial, 318 
transporting work of, 405 
transverse, 280 

Roche Perc^ Gasp6, *361 
Roches Michd, *99 
moutonn^es, 312 
Rock, cleavage, cause of, 463 
destruction, summary, 405 

fiour, 321 
mashed, 428 

237 

346 

slides, 168, 242, *243, *244 
due to springs, 487 
Rocking stone, *209, 332 

Rocks, 18 
abyssal, 46 
acid, 54, 66 
alVnlin e, 54, 59 

alteration of, 20 



aphanitic, 48 

baric, 54, 61 

calo-alkaline, 54 

chemically formed, 19 

chronological succesrion of, 18 

ciassificaldon of, 19 

clastic, 178 

OTStalline, 50 

decomposition of, 19 

disinte^ation 19 

eruptive, 52 

extrurive, 46 

feld^>athic, 63 

fetromagnesiaii, 63 

fragmental, 178 

glas^, 48 

grrined, 48 

hypabyssai, 46, ^ 

igneous, 19, 29, 46,106* 178,179 

intermediate, 54, 55, 69 

intrusive, 46, 66 

massive, 46, 66 

metamorphic, 19, 20, 496 

organic, 19 

orthoclase, 59 

phaneritic, 48 

plagioclase, 59 

plutonic, 4^ 48, 66,101,106 

primary, 45 
pyroclastic, 64 
sedimentary, 19, 20,178 
specific gravity of, 265 
stratified, 17,19,178 
sub-alkaline, 54 
ultrabaric, ^ 55, 62 
unstratifi^ ^ 

volcanic, 4^ 48, 56, 87 
Rocky Hill. N. J., 76, *208 
intrurive sheet, 332 
trap, boulders of, *209 
Rocky Moimtain area, figmtcB 

192 

Cretaceous coal in, 196 
plateau, 102 
system, 475 

Rocky Mountains, 12, 81,476 
alluvial fans in, 270 
climatic change hb 260^ 
deceptive confonnitieB in, 460 
granite cores 68, 551 
foothills of, 549 
gold veins in, 524 
narrowing of, 482 



Rocky Mountains — Continued 
snow line in. 297 
Tertiary- upheaval of, 485 
thermal springs of, 138 
thrusts in, 482 
Rogers, W. A., 324 
Roi River, 294 
Roman naval station, 147 
Romanche Deep, 9 
Romans, ancient, 151, 497 
Rome, 151 
Rondout. *436, *438 
Roofing slate, 496 
Rose quartz, 27 
Ross Barrier, 335 
Ross, C. S., 65 
Rossberg, fall of, 243 
Rotation of the earth, 483 
Rotator>* movement, 434 
Rotten rock, 214 
Rotten stone, 213 
Round-topped hills, 545 
Rowley Regis, *458 
Rubidium, 22 
Rumania, 526 
petroleum of, 198 

Running water, work of, 13, 15, 204 
Run-off, 235 
Rush Creek, Ohio, 295 
Russell, I. C.. 3M 
Russia, 531, 534 
boghead coal in, 196 
manganese ore, 530 
Ruwenzori Mountains, 452 

Sacramento River, 158, 276 
Saguenay River, 60 
8t. .Andrews, 100, *101 
St. Anne’s Head, Pembroke, Wales. 
*424 

St. Elias Alps, 305, 475, 486, 550 
St. Helena, 136 
St. Joseph’s Well, *236 
St. Lawrence River, 158, 290, 334, 
337 

drainage system, 282 
estuary of, 402 
St. Paul’s Rocks, 173 
St. Pierre, Martinique, 108, 109. 110, 
113 

St. Vincent, Island of, 109 
Saline lakes, 343 
of California, 346 


Salisbcrv, R. D., 562 
Salt. 231 

deposition of, 345 
deposits, 406 
Salt Lake Desert, 341 
Salt lakes. 343 

chemical deposits in, 344 
formation of, 343 
mechanical deposits in. 344 
Salt River, Arizona. *288 
Salt, rock, 185 

surface deposits of. 346 
Salton Sink, Calif., 252. 343, 347 
Salvador, \'ulcanism of. 110 
Sampson*, E., 219 
San Andreas fault, 169, 175 
San Francisco Bay, 158 
San Francisco Mountains. 95, *12( 
552 

San Francisco Plateau, Ariz., *541 
San Joaquin River, 158, 276 
San Juan Mts., Colo., 527 
San Salvador, 131 
Sand, 180, 374 
blast, natural, 225 
blown, 200 
coral, ISO 
craterlets. 164 
cutting effect of, 225 
desert. 200 

dunes, *230. *232, *233 
green, ISO 
in limestone, 213 
marine, 407 

quartz, 373, 375, 379, 392 
shell, ISO 

Sandidge. J. R., 88. 104. 425, 5<>3, 5* 
Sandoval Co., X. M., *0S 
Sandstone, 180, 223 
argillaceous, 181 
calcareous, ISO 
feldspathic. 181 
ferruginous, 180 
metamorphic, 496, 499, 507 
micaceous, ISl 
reefs, modem, 392 
siliceous, I8l 
Triassic, 141, *212 
weathered. *228 
Sandstones, 19 
modem, 404 

Sandy beaches, inclination of, 416 
Sandy Hook, 158, 275 



>anidiiie, 30, 56, 58 
^anta Maria (volcano) 102, 110, 
122, 134 
>antorin, 133 
^dne River, 295 
Tapper, K., 110, 123, 134, 137 
5apphire, 26 

Sardinia, lead and in, 533 
Sardinian Rise, 10 
Satellites, 1, 142 
Saturn, 1 

Sawtooth Range, Idaho, *539 
Sayago, 130 
Sayles, R. W., 333, 334 
Scandinavia, 152 

Caledonian Mts. of, 483 
lakes of, 317 
peat bogs in, 351 
snow line in, 297 
Scandinavian mt. ranges, 483 
structure of, 483 
Scarp, 557 
Scarps, 173 

East African, 559 
Scheelite, 517 
Schildvulkan, 125 
Schist, chlorite, 500 
graphite, 500 
hornblende, 500 
mica, 499 
talc, 500 

Schists, crystalline, 499 
Schlaggendorf Peak, fall of, 243 
Schoharie Creek, 292 
Schooley Peneplain, 491 
SCHUCHERT, C., 475, 494 
Scoriae, 78, *88, 89,103, 505 
Scotland, 73, 74, 75, 76, 95, 96, 128, 
151, 153, 310, 340, 361, 362, 

364, 365, 443 

basaltic platform of, 94, 553 
Caledonian Mts., 4^ 
coast, sea-stacks, 363 
east coast, 153 
fiord coast, 316 
lakes of, 317 
retreat of coast, 366 
volcanic necks, *101 
pipes, 99, 100 
ScROPE, P., 120, 123, 154 
Sea, the, 7, 204, 205 
beach, 367 
bottom, 10, 15, 173 


caves, *153, *360 
cliffs, 359 
Seareoast, 15 
Sea, advance of, 147 
European, advance of, 365 
depth of, 8, 12 
destruction by, 365, 405 
Sea of Galilee, level of, 560 
Sea level, rise of, 147 
Sea lilies, 382 
Sea reconstruction by, 371 
Sea stacks, *361, *362, *363 
Sea urchins, 382 
Sea work of, 15 
Seas, epeiric, 10, 146 
frin^g, 10 
landlocked, 10, 371 
Seat stone, 192, 194 
Secondary enrichment, 528 
Secondary rocks, 179 
Sedimentary accumulations, 371 
Sedimentary rocks, 45,178^ 229, 495 

formation of, 202 
joints of, 459 
metamorphosed, 499 
weathering of, 211 
Sediments, marine, 373 
of continental shelf, 416 

Seine River, 157 
Seismic belts, 165, *166, 167 
Seismogram, 160, *161 
Seismograph, 160, 173 

Selenite, 26, 39 
Self-cleansing of glaciers, *305 
Semi-bituminous coal, 193 
Semi-volcanic exploaons, 122 
Septarium, 414 
Serapaeum, 148, *149, 150 
Sericite, 30, 36, 497 
genesis of, 207 
Serpentine, 37, 63, 211, 514 
ori^n of, 210 
Serjnda, 3^ 392 
Shale, 183 
bituminous, 184 
joints of, *463 
off, 184 
paper, 183 

ShaijER, N- S., 367, 370 

Shales, 19 

compressed, 457 
metamorphosed, 508 
weathering of, 212 



Sh.\nnon, E. V., 65 
Shearing, 510 
in metamorphism, 509 
planes, 463 
Sheet, intrusive, 74 
Shell banks, 381 

SheU banks, limestone, *382, *383 
Shell of cementation, 204, 238 
Shell marl, 189, 342 
sand, 375 

Shell of weathering, 203, 238 
Shells of earth's crust, 3, 143, 163, 
203 500 

Shenandoah River, *292, 293, 294 
Sheringham, harbor of, 366 
Sherman, Wyo., 220 
Shetland Islands, 11 
Shield volcano, 125 
Shields River, 291 
Shift, 436 
Shillong, 164 
Shingle, 181, 374 
Shirane, 106, 122 
Shoal water, 356 
deposits, 373, 378 
mechanical, 378 
organic, 381 
thickness of, 380 
Shoals, lake, 339 
Shock, earthquake, 162 
Shonkin Hill, 553 
Shonkinite, ^ 

Shoshone Ck)., Texas, *463 
Shoshone Mts., 474 
Shoshone River, flood plain, 270 
Shrinkage cracks, 376 
Sian, 368, 408 

Siberia, absence of glaciers, 302 
cupriferous sandstones, 532 
SicUy. 106, 133, 163, 171 
Siderite, 43 
ores, 530 

Sierra Nevada, 306, 307, 456, 475, 
476, 479, 523 
fault valleys of, 561 
granitic core, 68, 551 
plication of, 477 
post-Jurassic date of, 485 
recession of cirques in, 487 
Sierra Teras, 169 
Silesia, lead and zinc of, 533 
Silica, 28, 54, 55, 58, 61, 62 
Silicates, 29, 58 


complex, 22, 37 
ferro-raagnesian, 51 
Siliceous accumulations, 190 
deposits, 180 
oozes, 191 
organisms, 393 
precipitates, 186 
rocks, 180 

sandstones, 211, 212 
sponges, 393 
Silicon, 21, 28 

Sill, 74, *75, *76. *77. 78, 81, 8 
94, 95, 141, 142 
dolerite, *75 
Sill Tunnel, Tvrol, 252 
Sills, 554 

in metamorphism. 506 
Silt in Hudson gorge. *271 
Silurian, iron ores, 529 
limestone (see Ordo\ncian) 
petroleum, 198 
rise of Caledonian Mts., 483 
SUver, 21. 42, 250 
arsenide, mesothermal, 523 
epithermal, 526 
hypothermal, 520, 621 
in contact ores, 517 
Silver-lead, mesothermal, 524 
replacement ore, 524 
Silver Spring, Fla., 247 
Simeto. gorge of the, 255 
Sinclair, W. J., 208, 216 
Sink holes, *236, 238 
Sinter, 184 
siliceous, 186, 250 
Skrinkle Haven, Wales. *359 
Slag, 56 
Slate, 496 
cleavage of, *464 
Slates, metamorphic. 499 
Slatv cleavage, 496, 510 
Slickensides, 313, *436, *438, 44 
•446 

Slides in Panama Canal, 244 
Slip, 436 

Slope of fault, 434 
Smartville, Calif., *241 
Smith River, Mont., 291 
Smithsonite, 44 
SiffTTH, C. H., Jr., 201, 535 
Snake Hill, N. J., *69, *70, 
555 

Little, *68, 69 



nake River lava fields, 553 
now, 297 

conversion into ice, 300 
destructive action, 487 
fields, *298 
line, 297 
slides, 298 
k>da, 26, 58, 231 
deposits of, 406 
in lakes, 343 
in river water, 266 
kxliuni, 21, 22, 55 
carbonate in lakes, 346 
sulphate, deposition of, 346 
Soft coal, 192 
Soft water, 248 
SoU, 200, 213 
alluvial, 231 
ancient, 183, 194, 201 
destruction of, 218, *348 
formation, *208, 211, *212 

glacial, 231 
in arid regions, 214 
in pluvial climates, 214 
leaching of, 214 
residual, 215, 231 
Solar energy, 202 
Solar S 3 rstem, 1, 142 
origin of, 18 
Sole of thrust, 448 
Solidification of magma, 88 
Soluble chlorides, 345 
Solution, solid, 23 
Solvent medium, 510 
Somerville i^eplain, 491 
Sonic soundings, 9, 326, 355 
Sonnette River, 294 
SoPWiTH, 433, 442 
Some River, 294 
Sorting of sediments, 373 
Sorting power, 230 
of water, 229, 411 
of wind, 229, 411 
Sourland Mts., 555 
South Africa, 41 

diamond pipes of, 99 
magmatic platinum in, 514 
Permian coal of, 196 
terrestrial limestone of, 232 
South America, 295, 372 
green g»^nda off coast, 395 
hypothermal gold-quarts, 521 
interior basins of, 273 


north coast oS, 166 
Pacific coast, 60,175 
Palaeosoic ghudatioii, 299 
petroleum of, 198 
volcanoes of, 135 

South Dakota, 51, 58, 78, 79, 80, 81, 
218,440 

bad Iwds of, 64, 215, 218 
flood-plain deporita, 274 
hypothermal gold quarts, 521 
Jurassic coal of, 196 
laccoliths in, 474 

South Pacific, archipelagos of, 390, 
391 

Southern SUtes, lakes of, 282 
Southern Hemisphere, Ptermian coal 
of, 196 
Spain, 167 
lead and zinc in, 533 
placer mines of, 533 
south coast of, *364 
wave-cut |datfonn of, 365 
Sp^c gravity of minerals, 27 
Sperenberg, deep well at, 346 
Sphagnum^ 352 
Sphalerite, 42, 515 
in contact ores, 516 
silver-bearing, 524 
Sphene, weathering of, 210 
Spheroidal weathering, *208, *210 
Spiess, F., 177 
Spit, in lake, 341 , 

Spitsbergen, Caledonian Mts. off, 483 
frost action in, 221 
ice-cap of, 325 
streams on ice-cap, 319 


Spodumene, 51, 58 
giant crystals, 58 

Spring-heads, recession of, 245, 2 
Springs, 235, 244, *245, *246 
d^ts of, 19. *248, *249. 250 

fissure, *2^ 


juvenile, 139 
thermal, 138 
undermining by, 487 


vadoee, 139 
Spurb, J. E-> 237, 453 
Squantum tilhte, 333, 334 
Squeezed fold, 4^ 

Stabue, 107 

Stacks, sea, *361, *362, *363, 
Staffa. Islaiid of, 456 



Staffordshire. *458 
Stalactites. 239. *240 
formation of, 241 
Stalagmites. 184. 239, *240 
formation of. 241 
Stannite. 43, 520 
Stanton, T. W .. 213 
Starfishes. 382 
Starza. la, Pozzuoli. 150 
Stassfurt salts, 1S6, 345. 346 
Static metamorphism. 505 
Statuary- marble, 497 
Staurolite. 495 

Steamboat Springs. Xev., 250 
Steam-coal, 193 
Steam, in metamorphism. 501 
perforation by. 100 
Steinmann, G., 4S4 
Step faults, 440, *442. 558 
Stetson. H. C., 369. 370 
Stevenson. T.. 357 
Stibnite. 250 

Stirling Hill; N. J.. zinc mine. 41. 
517 

Stock. *68, *69. *70. So. 141. 555 
Stockholm. 152, 157 
Stone Age, Older. 159 
Stone Mt.. Ga.. *70. 555 
Stone ore-shoot. *522 
Sloping, theor>' of overhead. 141 
Storm-beach, *372, *374 
Storm waves, *357. 358 
Stose, G. W., 65. 421 
Straits of Sunda. lOS 
Strand-line, displacement of. 147 
raised. 152 

Strassburg, earthquake records at. 
161 

Strata, 20 

attitude of. 542 
originally horizontal, 415 
relative age of. 95 
thrusting of. 447 
Stratification, 178. 229, 410 
false. 45. *119, 126 
planes. 229 
regular, 413 

Stratified rooks. 45. 229 
thickness of. 410 
Stratum. 411 
Streak. 27 

Stream capture. 291, *292. *293 
Stream-channels, buried, 471 


Streara-vallt‘“y, \ -.-hLiiv ■ t- 2.56 

Streams. dowTjf-utMng by. 23^ 
longitudinal. 4!_*2 
major. 492 

obliterated. 
re\'i\ified. 4^9 
underground. 23^. 247 
velocity of. 2t>3. 264 
>^n-s\ glacial. “31 i 
Strike. 416, “41> 
line of. *3^>4 
valleys. 54S 
Strnmboii, 4'>. 121. 142 
eruptions ejf. 

StromK<-lian ^vp•■■ 121 

Structural Ge"l"e"^'. 16, 4o9 
Structure, amycd-.d'cd. 49 
fragmental. 
miarolitic. 49 
of igneous rix-ks. 49 
perlitic. 56 
pumiceNjus. 49 
scoriaceous. 49 
stratified rxk-masses. 409 
vesicular. 49 
Sub-Arctic c**asts, 1.54 
Subjacent Inidies. »>>. 67 
.■Submarine pla-eau. T<T»ca. 1<5 
Sul>sequ*'*n^ stm-an’iS, 2''5. 291 
.Subsoil. 214 

Sul'terrancan ch:inn»'ls. 235 
Sudbury*. Ont.. >4. 515 
SrESvS. E,. 139. 147 
Sugar Loaf. N. B.. 97. -KO. 552 
Sulphides. 22. 514 
enriched. 529 
magmatic. 514 
primar\', 529 
Sulphur. 21. 87. 105 
compounds. 105, 197 
in petioleum. 197 
dioxide. 105 
free, in p)etroleuni. 197 
Sumatra. 108. 165. 171 
tin placers of. 534 
Sumbawa. 102. Ill 
Sun. the. 1. 2. 202 
cracks. 273, 376. 406 
destructive action, 2t96. *223 
Sundance Hill, Little. 78. *82 
vSunk Country-, 168 
Sunset Crater or Peak’. 8^. 91. 
552 



ITTPAN, A., 151, 250, 296, 562 
iupeiimposed streams, 289, 291, 492 
Surface agencies, 202 
Surface, changes of, 13 
Susquehanna River, 158, *491 
base level of, 264 
gap, 256 

in Glacial epoch, 286 
)wamp, deposits, 351 
Great Denial, 194, *363 
Sweden, 152 
depression of, 157 
lake iron-ore in, 342 
magnetite in, 514 
Triassic coal of, 196 
Switzerland, asphaltic limestones of, 
198 

gl aeial retreat in, 299 
glaciers, *298, *304, *320 
lignites of, 197 
Sydney, N. S., 163 
Syene, Egypt, 59 
Syenite, 69, 63, 83, 514 
augite, 59 
family, 58 
mica, 59 
nepheline, 59, 63 
porphyry, 63 
Syenites, 60 
Sylvin, 186 

Syncli^ ridge, *479, 487 
valley, 481 
Syncline, *418, *421 
genesis of, 451 
inclined, 423, *424 
overturned, *427 
recumbent, *364 
Synclinorium, 422 
Syngenetic ores, 529 
Syria, rift valley of, 559 

Table Mountain, 474 
Table mountains, 13, 545 
Tachylyte, 61, 63 
Tacitus, 107, 122 
Taconic, orogene^, 485 

system of New England, 476 

Talc, 26, 37, 210. 211 
group, 37 

Talus, 200, 232, 406 
frost-made, 219, *220 
slopes, 546 

in high moimtains, 487 


Tamboro, 102, 1^, 128 
eruption of 1815, 111 
Tanimai volcano, 119 
Tabr, R. S., 177 
Taruvera, 139 
Tauem, 162 
TatijOR, F. B., 6, 20 
Taylor-Wegener hypothec 11, 484 
Tectonic geology, 15, 16, 409 
topography, 549 
Tectonics, 16, 409 
Temperate seas, deposits in, 401 
Temperature changes, destructive, 
•219, 222, *223, 228 
Temple of Jupiter Serapts, 148, 
*149 

Tenerife, 131 
Tennessee, 12 
faults in, 452 
limestone plateau of, 236 
Termer, 123 
Terraces, asymetrical, 274 
cut and built, 339 
river, 274 

Terrigenous depoats, 373, 393, 396, 
400 

Tertiary period, 173 
brown coal, 192 
mountain making, 486 
volcanoes, 135 
Texas, 153 

artesian wells of, 247 
bentonite in, 65 
Cretaceous coal of, 196 
lignites of, 192 
petroleum, 197 
potasaum salts in, 186, 3^ 
surface salt masses, 346 
Texture of rocks, 4^ 48 
compact, 47, 48 
felatic, 47 
glas^, 47, 48 
Thames estuary, 276, 402 
Thermal metamorphian, 504 
Thian Shan Mts., 493 
folding of, 493 
igneous intrusions in, 493 
parcel of, with the Appaladrian^ 

494 

peneplanarion, 494 
plateau, 493 
snow line of, 297 
Thiessen, R., 354 



Thom, W. T., Jr., 201 
Throw of fault, 16S, *434, 436 
stratigraphic, *434 
Thrust, 447. *448, *449, *450 
Tidal currents, 379 
wave, 165 
deposition, 275 
Tides in Kilauea, 115 
volcanic, 143 
Tight, W. G.. 295. 296 
Till, 182 

Tillamark Rock, Oregon, 358 
Tillite, 182 
Tilted strata, *417 
across New York, 410 
south of England, 410 
Timber line, 486 
Timor, raised beaches of, 154 
Tin, 21, 41, 43 
hypothermal, 520 
ores in pegmatite, 515 
Tippity Green, *458 
Titanite, 51 
Titanium, 21, 22. 40 
Tivoli, 185. 186 
Tobacco Plains. Wash.. *540 
Tokyo. Earthquake, 163 
Toluca, 129 
Tonga Islands, 175 
Tonopah, Xev.. 453 , 526 
Topaz, 26, 58, 210, 520 
Topography, 17 
buried. 290 
development of, 13 
faulted, 557 
glacial, 539, *540 
mature, *536, *538, *539 
maturity of, 13 
old age of, 13, 536 
structural, 540 
tectonic, 542 
volcanic, 539, *541 
youth of, 13 
Top-set beds, 277 
Topsoil, 214 

Tourmaline, 58, 520, 521, 523. 525 
weathering of, 210 
Trach^de, 68, 59, 63, 87 
amphibole, 58 
mica, 58 
p>Toxene, 58 
quartz, 56 

Tracks of animals, 378, 414 


Transfer of magma. 453 
Translator}' movements, 434 
Transportation. 202 
glacial, 319 
in glacial .streams, 321 
river. 264 

Transporting and vc-locity. relation ol 

229. 2tU 

Transvaal. fields, 534 
origin of tr^'id. 535 
ilmenite in. 514 
platinum. 514 

Transverse valleys, 492, 548 
Transylvania. 525 
Trap. 61 

columnar. *456 
white. 76 

Travertine, 184, 185. 1*^'^. *24''. *24 
Tree-roots, splitting l»y. '349. *35 
Tremolite. 34, 495 
in contact zone. 576 
Tremors, preliminary. 161 
Trench fault. 2.53. 440. 559 
Rh<^>ne and .<aone. 157 
Trenches, cause of. 452 
Triassic. arid (‘•'mditions of, 190 
beds. *467 
dykes. 73 
German. 190 
sandstone. *212 
cupriferous. 532 
Tridymite. 29 
Tripoli powder. 342 
Tristan d’Acunha. 136 
Tropical rains, ^'^oienee of. 215 
Tropical seas, deposits. 4ft2 
Tropical depth of. 214, 407 
Tropics, deposit.^ in. 407 
snow line in. 297 
Trough fault. 440, 55S 
Tufa, calcareous. 1$4. 345 
Tuff. 64, 65. 102 
marine. 132 
Tuffs, 63 

fresh-water, 103 
metamorphosed, 497 
rhyolite. 57 
Tungsten, 515, 620 
Turtle Mt.. .Alberta. *243, *244 
Twelve Apostles, 545 
Twenhofel. W.. 181. 201. 408 
Twinning. 27 

polySAmthetic. 28. 31 



r^ns, 28 
rj-rol, 59, 216 
dolomites of, 190 
ryrrhenian Basin, 10 

L'inta Mountains, 288, 307, 546 
canons of, 258 
cirques in, 487 
glaciation, 487 
Uinta range, 475, 476, 477 
absence of igneous rocks, 480 
structure of, 477 
Ultrabasic rocks, 55, 62 
Uncompahgre River, 290 
Unconformable beds, *467 
Unconformity, 466 
angular, *466, *467 
Underclay, 194 

Underground streams, 247, 251 
work of, 238 
Underthrust, 448 
Ungava, *154 

Union Islands, pteropod oose of, 
398 

Union PaciBc Railway, 220 
United States, 126 
chromite in, 514 
coal in, 196 
coast of, 378 
east coast of, 369 
sand drift of, 369 
geysers of, 139 
lava plateau in, 544 
northern, 72 
oil fields of, 197 
Rockrv" Mts. in, 447 
soQ in, 214 

thermal springs of, 138 
volcanoes of, 135 
water level in, 236 
Upheaval, 482 
Upland, erosion of, 307 
of New England, 487 
Uplands, dissected, 489 
Uplift, diastrophic, 146, 482 
Upper Cretaceous sea, 289 
Upthrow, 432, 434, 557 
Upwarp, 176 
Ural Mountains, 486, 514 

ancient, 486 
platinum in, 534 
Uranium-lead ratio, 14 
Uranus, 1 


Uruguay River, 296 
Utah. 81, 94, 184 
bad lands of, 215 
oil shales in, 199 
volcanoes in, 135 

Vadose springs, 139 
water, 235 
Val de Travere, 198 
Valley of Ten TTiousand S moke s, 111 
Valley train, 332 
Valleys, anticlinal, 549 
synclinal, 481, 542, 549 
Vaiii^re River, France, 294 
Van Rise, C. R., 203, 204, 464. 
473 

Van Ingen, G., 438 
Vanadium, 533 
Vapors, magmatic, 49, 52, 140 
mineralising, 58, 601 
ori^n of magmatic, 143 
Varve, 14, 183, 230, 333, 411 
Varved clavs, 183, *333 
slate, *3^ 

Vegetable accumulations, 406 
Vegetation, protective, 205, 216, 222 

347 

Vein, 68 

earthquake, *172 
great fissure, 518 
intrusive, 73 
metalliferous, 520 
mineral, 518, 519 
pegmatite, 73, *503, *504 
Velocity of streams, 252 
Venesuela, petroleum in, 198 
Venus, 1 

Verbeek, a. D. M., 123 
Vergil, 129 

Vermont, ancient volcanoes of, 652 
Vertical strata, *359 
Vesicles, 92 
Vesiculair structure, 92 
Vesuvius, 53, 119,120, 144, 145 
eruption of 79 a.d., 107, 122 
of 1872, *107 
of 1906, 120 
Vitrophyre, 63 
Victoria, 524 

placer mines of, 534 
Victoria Falls. *260, *261, 262 
Villach Alp, fall of. 243 
Virgin River, canon of, *257 



Virginia, 194, 492 
bentonite in, 65 
folds and thrusts in, 448 
Triassic coal of, 196 
Volcanic a^lomerate, 64, 103, 104 
ash, 50, 64. 65, 102, 230 
belt, E. African, 136 
transverse, 136 
belts, 136, 165, 166 
cones, 124, 474 
debris in deep sea, 396, 400 
dust, 64 

eruptions, 52, 106 
explosions in sea-bed, 165 
gases, 104 

mountains, 124, 539 

mud, 102, 373, 396 

neck, *97, *98, *99, *100, *101, 

102, 552 

Devonian, 97, *100 
Tertian*", 526 
pipes, 140 
plateau, 539 
rocks, 48, 87, 132 
submarine, 132 
Tertiary, 527 
vapors, 104, 207 

Volcanoes, 3, 68, 71, 87, 106, 

127 

active, 134 
Carboniferous, 97 
Central American, 136 
classification of, 121 
dormant, 134 
distribution of, 133, 144 
Mediterranean, 136 
new, 129, 143 
of Rift VaUey, 559 
submarine, 131 
Tertiary of Europe, 136 
West Indian, 136 
Volga River, 286 
Vosges Mountains, 293, 294, 558 
Vulcanian t>"pe, 122 
Vulcanism, 87, 142 
Archaean, 133 
Cenozoic, 134 
Mesozoic, 134 
Palaeozoic, 133, 134 
Recent, 1^ 
shifting of, 142 
Triassic, 134 
Vulcano, 122 


Wabana Iron ure, lo/, oou 
Waimanger Geyser, 139 
Walcott, C. D., 228, 427, 549 
Wales, 441, 449 
Warp, 146, 159, 168 
Wasatch range, 475, 476 
lake terraces in, 341 
thickness of strata, 476 
Washington (state), 96, 135, 166 
lava fields of, 93 
volcanic cones in, 551 
Washington, H. S., 44 
Waste of land, annual, 406 
Watchung Mountains, 555 
Watkins Glen, N. Y., 256, 257 
Water, in combination, 25 
of constitution, 25, 26 
of cr3"Stallization, 25, 26 
expansion in freezing, 218 

in igneous rocks, 104 
magmatic, 51, 52, 58, 139 
superheated, 501 
table, 236 

“Wateree/* U. S. S., 165 
Waterfalls, 283 
Wateiv’ale Butte, Colo., * 97 
Wave action, 355 
depth of, 368 
marks, 376 
pressure, 356 
Waves, distortional, 162 
earthquake, 161 
great sea, 165 
longitudinal, 161, 162 
transverse, 162 
Wayland, E, J., 452, 453 
Weathering, 204 ^ 

Wegener, A., 6, 20, 326. 336 
Wells Island, X. Y., 503, 504 
West Indies, 191 

raised beaches in, 154 
West Point, 158 
West Rock, New Haven, 555 
West Virginia, Permian coal of, 19( 
Western states, bad lands of, 215 
Wheehng, W. Va., 194 
White, Da\td, 354 
White Mountains, 476 
WTiite River, 218 
bad lands, *216 

White Terrace, New Zealand, *248 
Wick, storm destruction at. 357 
Willemite, 44, 518 



SViLLis. Bailet. 227. 234. 292, 296, 
418, 42S. 431. 44S. 450, 453. 
473. 492, 494. 540, 559, 562 
Lillis. R.. 453 
^ind. 22^ *225. 355 
action in mountains, 4S7 
gap. 293. 493 
wind-made waves, 355 
stratification. '230 
transporting power of, 230 
work of. 211 
Windward Islands, 166 
Windward Passage, 154 
Wisconsin, 531 
drumlins of. '329 
joint-controlled drainage in, 562 
Witwatersrand. 534 
Wizard Island, 129 
Wolframite. 520 
in pegmatite. 515 
Wolfsbrunnen, 246 
Wollastonite. 33, 495. 50S 
Woman River. Ont.. 428 
Wood, composition of. 193 
Wood. H. O.. 119 
Worcester. Mass., *506 
Worms, deposits by. 3S3 
Wyoming. 73. 1S4 
bad lands of. 215. 545 
dvke-walls in. 554 
ilmenite in, 514 
oil shales of. 199 

Xenolith, *84, 93. 142 


Yakutat Bay, 169 
fault of 1899. 557 
Yampa River, canons of, 258, 288 
Yeast plant. 88 
Yellow Sea, 294 
red mud in, 395 
Yellowstone Canon, *2S3 
YeUo\mone National Park, 73, 83, 
94. 139, 1S5, 186 
Yorkshire, retreat of coast, 366 
Yosemite Valley, 459 
Yucatan bank, 3S3 
modem limestone of. 384 
YorxG. C. M., 386. 388, 389 
Yottxg, R. B., 312 
Youth of rivers, 251, 280 
topographical, 17 
Youthful gulch, *269 
Youthful streams, 257, *282 

Zambesi, Falls of, *260, *261 
gorges of, *261, 562 
Zante. 171 
Zeolites. 38, 528 
Zinc. 21. 41, 42, 44 
hypothermal, 520. 621 
in sedimentar>' rocks, 532 
sulphate, crystals of. 26 
sulphide, epithermal, 526 
Zincite, 41 
Zircon, 51. 210 
Zoisite. 36, 207 

Zone of diTniniahing action, 477, 479 
of folding, 477 
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